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1.  Introduotion 

The  research  conducted  at  the  University  of  Rhode  Island  under 
this  contract,  the  first  phase  of  a  larger  program,  was  concentrated 
on  the  establishment  of  procedures  for  evaluation  of  photon  imaging 
devices  and  subsystems,  with  emphasis  on  television  pickup  tubes.  The 
results  may  be  grouped  into  three  main  categories.  First,,  we  have  re¬ 
examined  the  basic  criteria  now  used  for  rating  the  performance  of 
photon  imaging  devices  and  systems  and  propose  consideration  of  de¬ 
tective  quantum  efficiency  (DQE)  as  a  more  significant  figure  of  merit. 
This  criterion  recognizes  that  photoelectronic  imaging  devices  basic¬ 
ally  count  photons,  and  that  for  an  ideal  device  or  system,  every  inci¬ 
dent  -  photon  should  result  in  a  countable  event  at  the  output  of  the 
device,  DQR  is  simply^  for  the  entire  device  or  entire  system,  the 
ratio  of  the  number  of  countable  output  events  to  the  number  of  inci¬ 
dent  photons.  For  an  ideal  device  or  system,  DQE  =  1.  Hence  measured 
DQE  provides  a  convenient  figure  of  merit  showing  by  what  margin  the 
device  fails  to  count  all  incident  photons.  For  an  otherwise  ideal 
device  with  a  real  photocathode,  the  DQE  will  equal  the  quantum  ef¬ 
ficiency  of  the  photocathode  for  the  radiant  flvix  spectral  distribu¬ 
tion  incident  on  the  device  or  system  input.  The  DQE  concept  and  some 
examples  of  its  use  are  discussed  at  length  in  the  body  of  this  re¬ 
port  and  expecially  in  the  first  appendix. 

Second,  a  basic  test  equipment  for  the  evaluation  of  television 
camera  tubes  was  set  up  in  the  laboratories  of  the  Department  of 
Electrical  Engineering  at  the  University  of  Rhode  Island.  This  basic 
equipment  is  being  augmented  with  separate  "heads"  optimised  for  each 
major  camera  tube  type,  following  the  teaching  of  Hall  that  a  tele- 
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vision  camera  tube  cannot  really  be  tested  by  itself,  but  that  one 
can  meaningfully  test  as  a  imit  the  tube  together  with  an  optimum 
combination  of  focus  and  deflection  coils,  shielding  and  decoupling 
networks,  video  preamplifier,  and  the  objective  lens  required  to  form 
an  image  on  the  input  photocathode.  At  this  date,  we  can  evaluate 
vidicons,  silicon  target  vidicons,  and  SEC  camera  tubes. 

Because  the  determination  of  DQE,  as  well  as  other  figures  of  merit, 
depends  on  an  acciirate  measure  of  video  signal  and  of  noise  in  the  vi¬ 
deo  channel,  or  later  in  the  image  at  the  system  output,  much  effort 
has  been  devoted  to  obtaining  meaningfully  accurate  measurements  of 
signal  and  of  noise  and  of  their  spectral  distribution.  Because  the 
widely  used  analog  methods  described  by  Hall^  are  of  very  limited  ac¬ 
curacy,  we  have  made  much  use  of  digital  techniques  vdiich  permit  mea — 
sui'ing  signal  in  noise  accurately  down  to  signal  to  noise  ratios  of  the 
order  of  1:10.  RMS  noise  was  measured  by  a  direct  sampling  technique 
vhich  makes  no  assumptions  on  the  type  of  noise  statistics  and  which 
can  provide  that  extreme  accuracy  needed  to  separate  the  camera  tube 
noise  contribution  from  that  of  the  video  amplifier.  The  techniques 
used  are  described  in  the  body  of  this  report,  and  in  the  second  ap¬ 
pendix.  As  far  as  we  are  aware,  these  techniques  have  already  pro¬ 
vided  measurement  accuracy  better  than  any  previous  methods. 

Third,  the  measurement  techniques  are  now  being  extended  to  ev¬ 
aluate  signal  and  noise  directly  in  the  output  image  presented  to  the 
human  obseiver.  The  performance  of  electro-optical  systems  has  in 
general  been  predicted  in  terras  of  the  characteristics  of  the  video 
signal.  Rocell,  for  example,  predicts  observer  perfoiroance  from  the 
display  signal  to  noise  ratio,  SNR^,  but  derives  SNRj^  from  the  char¬ 
acteristics  of  the  video  signal,  without  regard  to  the  degradations 
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introduced  by  the  dioplay.  A  direct  measurement  of  output  Image  qual¬ 
ity  both  includes  the  display  characteristics,  but  also  may  help  to 
clarify  the  effect  of  control  settings,  of  the  choice  of  gain  (contrast) 
and  briSitness  (background)  settings  on  the  performance  of  the  decision 
making  human  ;dio  is  the  final  link  in  most  electro-optical  systems. 
Candidate  procedures  and  some  initial  results  are  described  in  the  body 
of  this  report.  The  methods  being  developed  will  be  effective  on  any 
type  of  dioplay,  including  television  displays,  directly  viewed  image 
intenslfier  output  images,  and  electromechanically  scanned  displays  as 
used  in  some  FLIP  systems.  The  resulting  data,  described  at  first 


in  terns  of  DQE  or  of  SMI^,  ehould  provide  a  far  better  understanding 

of  the  factors  rfilch  make  for  effective  observer  performance  in  using 
each  type  of  photon  imaging  system. 
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2.  Detective  Quantum  Efficiency 

Since  Albert  Rose  first  applied  the  fluctuation  theoiy  of  vision 
to  predicting  the  "seeing"  performance  vAiich  a  man  might  achieve  if 
aided  by  an  image  intensifier  tube,  woricers  have  used  various  yard¬ 
sticks  to  evaluate  the  perfonuance  of  photo-electronic  imaging  de- 

ces.  Most,  but  not  all,  are  based  on  a  measurement  of  the  con¬ 
trast  and  brightness  (signal)  in  the  display  and  of  the  fluctuation 
in  that  brightness  (noise),  or  for  television  systems  on  the  signal  to 
noise  ratio  measured  in  the  video  channel.  Most  are  geared  primarily 
to  predicting  human  observer  performance,  an  important  goal,  but  in¬ 
appropriate  for  use  vath  systems  in  which  a  computer,  rather  than  an 
observer,  undertakes  recognition  or  tracking  tasks.  None,  so  far  as 
we  know,  establishes  an  absolute  yardstick  against  vdiich  actual  sys¬ 
tem  or  sensor  perfomance  can  be  compared  to  show  by  what  margin  it 
fails  to  be  ideal.  To  provide  a  figure  of  merit  vdiich  fills  this 

need,  we  are  working  with  the  concept  of  Detective  Quantum  Efficiency, 
(DQE). 

All  electro-optical  imaging  sensors  in  a  sense  count  photons,  at 
higher  rates  in  bri^ter  parts  of  the  picture.  An  ideal  system  eould 
produce  an  obserrable  or  recordable  event  for  each  incident  photon. 

The  DQE  of  a  system  or  a  sensor  is  simply  the  ratio  of  tte  number  of 
observable  events  presented  at  the  output  to  the  number  of  photons  in¬ 
cident  on  tite  input,  both  referred  to  an  appropriate  area  «.d  an  a^ 
propriate  sampling  interval.  For  an  ideal  image  Intensifier,  say, 
with  a  real  photocathode  irradiated  at  very  low  intensity  with  an 
image  in  monochromatic  light,  since  each  photo-electron  leaving  the 
first  Photocathode  would  result  in  an  observable  flash  of  light  at 
a  oorres,ponding  spot  in  the  image  on  the  output  phosphor  screen,  the 
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DOE  would  be  simply  the  quantum  efficiency  of  the  photocathode  for 
irradiation  of  that  wavelength. 

Unfortunately,  for  many  systems,  including  image  intensifiers  op¬ 
erating  with  larger  input  photon  fluxes,  it  is  esncntially  impossible 
to  count  the  number  of  observable  events  in  an  appropriate  area  of  the 
output  display,  or  the  number  of  obsenrable  events  per  second  in  a 
video  signal.  It  is,  however,  possible  to  measure  the  signal  to  noise 
or  signal  to  fluctuation  rittio  in  a  suitable  area  of  the  output  image 
for  an  appropriate  sampling  time  and  to  compare  it  with  the  signal  to 
fluctuation  ratio  (or  the  video  signal  to  noise  ratio)  vdiich  an  ideal 
device  would  have  produced  if  every  incident  photon  had  resulted  in  a 
coiintable  output  event.  And  as  shown  in  Appendix  I, 

DQE  =  (SNR  out  of  real  device)^ 

(SNR  out  of  ideal  device)^ 

For  an  ideal  device,  DQE  *  l.  Por  one  with  a  real  photocathode,  DQE  = 

"n  ,  where  T)  ig  the  effective  quantum  efficiency  for  the  spectral  dist¬ 
ribution  of  light  in  the  input  image. 

As  shown  in  Appendix  I,  the  DQE  fi^pire  of  merit  seems  applicable  to 
photon  imaging  devices  au  diverse  as  television  camera  tubes  and  photo¬ 
graphic  film,  and  hence  should  serve  as  a  basic  yardstick  to  permit 
comparing  the  effectiveness  of  widely  different  imaging  systems,  thus 
unifying  the  rating  of  such  devices  or  systems  against  each  other  and 
against  an  absolute  standard,  against  the  performance  of  an  ideal  de¬ 
vice.  Realizing  this  goal  would  be  a  tremendous  contribution  to  the 
art  and  to  those  armed  services  agencies  vdrich  use  imaging  devices. 

The  status  of  this  part  of  the  program  is  described  in  Appendix  I. 
Because  this  is  an  on-going  program,  and  because  much  of  the  analysis 

has  been  performed  by  Dr.  S.  Nudelman  of  these  laboratories  during  a 

r 

7 


6 


Sabbatical  year  in  Gemiany,  and  latest  modification  are  not  available, 
Appendix  I  in  its  present  form  must  be  regarded  as  a  status  report  only. 
Some  points  are  still  being  refined,  and  the  experimental  application 
will  be  developed  during  phase  III  of  this  program.  We  expect  that  a 
final  version  of  Appendix  I  with  significant  experimental  data  will 
appear  as  part  of  the  phase  III  final  report  from  these  laboratories. 
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3.  Digital  Techniques  for  the  Evaluation  of  Television  Cameras 

ana  Sensors, 

3*1  General 

The  basic  equipment  used  for  evaluation  of  television  sensors  at 
this  University  is  a  television  camera  tube  test  apparatus  built  by 
the  Westinghouse  Electronic  Tube  Division.  Similar  to  equipments  used 
by  Westinghouse  to  evaluate  SEC  camera  tubes,  vidicons,  and  SIT  camera 
tubes,  this  equipment  has  proven  highly  reliable,  and  is  seldom  out  of 
service,  despite  the  large  number  of  accessories  with  ^ich  it  has  been 
interfaced  as  new  evaluation  methods  were  developed.  The  basic  equip¬ 
ment  provides  well  regulated  ripple  free  power  supplies  to  the  tube 
under  test,  nomally  set  with  aid  of  a  digital  voltmeter,  is  normally 
used  with  a  choice  of  back  illuminated  transparency  test  patterns 
mounted  on  a  mirror  tunnel  light  box  designed  after  MacRae  et.al., 
and  provides  both  for  display  of  the  video  infonnation  on  a  high  qual- 
ity  Conrac  monitor  and  for  examination  of  the  video  signal  on  a  Tdfc- 
tronix  5^7  or  similar  oscilloscope.  To  provide  an  optimum  interface 
vn.th  the  rest  of  the  equipment,  the  tube  under  test  is  housed  in  a 
specially  designed  "head"  vdiiih  provides  a  light  tight  enclosure,  and 
which  contains  a  video  preamplifier  mounted  close  to  the  tube  output 
terminal  and  matched  for  tube  output  electrode  capacitance,  a  set  of 
the  focus,  alignment,  and  deflection  coils  specified  by  the  tube 
maker  as  optimum  for  that  tube,  an  objective  lens  of  appropriate  focal 
length  and  known  m.t.f.,  and  electrode  decoupling  circuits  to  provide 
proper  a.c.  grounds  close  to  the  tube  electrode  leads  to  avoid  un¬ 
wanted  cross  coupling  and  prevent  any  tendency  toward  oscillation.  A 
separate  head  has  been  designed  for  each  tube  type,  and  use  of  a  built- 
in  plug  and  socket  arrangement  means  that  one  may  change  tube  types  in 
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‘  a  few  minu'tes  ‘time  with  assurance  of  optimum  conditions  by  sin5)ly 

changing  heads  with  the  tubes  inside,  and  of  course  resetting  elect¬ 
rode  voltages  and  coil  currents, 

Hxe  video  amplifier  channel  has  a  basic  banci/’/ddth  of  12  to  I5 
MHz.  Signal  and  noise  currents  are  normally  measured  with  respect  to 
a  calibrating  pulse  generated  in  the  equipment  and  injected  at  the 
ground  end  of  the  camera  tube  load  resistor,  as  tatight  by  Hall.  Pre¬ 
amplifiers  include  both  the  traditional  TV  camera  head  amplifier, 
typically  using  a  50Kohm.  load  resistor  without  compensation  for  the 
effects  of  shunting  tube  and  circuit  capacitance,  but  with  a  6  db.  per 
octave  rising  gain  vs.  frequency  characteristic  in  the  preamplifier  to 
j  provide  an  overall  flat  response,  and  the  recently  popular  operational 

’  type  prean?)lifier  in  which  inverse  feedback  is  used  to  reduce  the  ef¬ 

fective  input  impedance  to  a  few  thousand  ohms  so  that  shunt  capaci¬ 
tance  effects  may  be  ignored.  In  both  cases  the  equivalent  rms  input 
noise  current  in  a  10  MHs  video  bandwidth,  with  camera  tube  in  place 
but  not  operating  is  about  5  to  4  na.,  about  at  the  theoretical  limit. 

The  general  philosophy  in  our  program  to  develop  procedures  for 
image  evaluation  has  been  to  use  manual  setup  of  each  t-^st  sequence 
for  flexibility  and  accuracy,  and  to  use  our  digital  computer  capa¬ 
bility,  vdiere  needed,  for  more  effective  analysis  of  the  video  signal 
and  therefore  to  permit  obtaining  more  accurate  measurements.  The 
approach  was  described  early  in  the  program  in  a  paper  'TVfethods  for 
Evaluating  Camera  Tubes"  by  Fisher,  Lee,  McCollough,  Nudelman,  Tufts 
and  Viilkinson  of  these  laboratories,  which  appears  with  some  revisions 
as  Appendix  II  of  this  report.  As  indicated  there,  the  traditional 
scheme  of  measuring  signal  amplitude  by  viewing  the  video  display  on 
a  line  selector  scope  is  of  satisfactoiy  accuracy  for  most  purposes 

iO 
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when  the  light  level  is  high  and  the  test  pattern  coarse  so  that 
signal  to  noise  ratio  is  high,  but  completely  unsatisfactory  for 
the  cases  of  most  interest  vdiere  low  light  levels  or  a  fine  (high 
spatial  frequency)  test  pattern  and  fcMing  ni.t.f.  reduce  the  video 
signal  to  noise  ratio  far  below  unity,  yet  where  the  observer  still 
sees  a  useable  picture  on  the  display.  Further,  the  low  signal  to 
noise  ratio  experienced  in  nearly  all  television  signals  has  made  it 
nearly  impossible  to  determine  the  signal  waveform  accurately,  and 
has,  for  example,  prevented  investigators  from  measuring  m.t.f.  in 
the  definitive  manner  by  measuring  the  line  spread  function  and  de¬ 
termining  its  Fourier  transform.  To  obtain  better  video  signal  in¬ 
formation,  we  have  made  use  of  the  repetitive  character  of  the  tele¬ 
vision  signal  of  a  stationary  scene,  sampling  signal  plus  noise  in  a 
aianber  of  successive  frames  and  averaging  out  the  noise.  The  imple¬ 
mentations,  described  in  Appendix  II,  have  involved  a  box  car  inte¬ 
grator,  a  sampling  scope,  and  the  combination  of  an  analogue  storage 
terminal  to  reduce  the  effective  video  bandwidth,  followed  by  an  A/D 
converter.  The  digital  output  from  either  the  sampling  scope  or  the 
storage  terminal  was  then  fed  to  a  DEC  PDP-9  digital  computer  for  ana¬ 
lysis.  Results  obtained  are  reported  in  the  following  sections. 

Noise  in  the  presence  of  signal  in  the  video  channel  has  tradi¬ 
tionally  been  measured  by  viewing  the  display  on  a  line  selector  scope, 
estimating  the  height  of  the  apparent  noise  envelope,  and  dividing  by  6. 
Other  possible  methods  are  described  in  Appendix  III.  The  video  samp¬ 
ling  and  digital  processing  equipment  used  for  the  second  and  third 
signal  measuring  schemes  listed  above  may  also  be  used,  to  obtain  far 
more  definitive  noise  measurements,  as  described  in  Appendix  II  and 
in  the  following  sections. 
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j}.2  Computer  Aided  Television  System  Evaluation 

This  section  will  basically  describe  the  status  of  the  computer 
aided  image  tube  evaluation  system  described  in  a  paper  presented  at 
the  5th  Symposium  on  Photo- electronic  Imaging  Devices.  The  paper  is 
enclosed  for  reference,  as  Appendix  II. 

TEST  CHARTS 

In  the  paper,  the  design  of  a  test  chart  better  suited  to  the 
computer  aided  system  was  mentioned.  In  particular,  we  were  trying 
to  develop  a  chart  which  had  the  following  properties. 

1.  Large  value  of  spectrum  (when  scanned  at  the  TV  rate) 
in  the  regions  of  interest  and  low  outside  that  region, 
to  minimize  the  possibility  of  aliasing  or  other  effects 
in  later  calculations* 

2.  A  smooth  spectrum  in  the  region  of  interest,  preferably 
uniform,  so  that  the  tube  MTP's  could  be  directly  computed. 

3*  One  which  would  enable  a  large  signal  to  be  generated  by 
the  tube  to  minimize  noise  effects. 

For  ease  of  fabrication,  we  constrained  ourselves  to  two-level  charts 
(black  and  white). 

Ihe  spectra  of  the  Westinghouse  Br-1702  and  Lirnanaky  charts  were 
analytically  conwited  for  reference  and  cosipared  to  two  classes  of 

candidate  charts,  Those  based  on  M-se,uences  and  those  based  on  Barker 
sequences. 

When  considered  as  periodic  functions,  M-sequences  have  desirable 
spectra.  Unfortunately,  when  considered  as  aperiodic  sequences,  the 
spectral  qualities  deteriorate  and  depend  on  the  phase  of  the  sequence 
selected.  The  only  Barker  sequence  ^ich  looked  promising  was  that  of 
length  =  13,  but  it  had  no  significant  advantages  over  the  two  reference 
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charts.  The  conclusion  was  that  the  impi’ovements  in  the  charts  con¬ 
sidered  over  the  ET-I702  or  Limansky  charts  were  not  substantial 
enough  to  warant  further  investigation. 

We  have  some  ideas  for  other  possibilities  and  have  derived  a 
general  fomula  for  the  spectra  of  the  charts,  but  its  solution  for 
other  than  trivial  cases  is  itself  a  non- trivial  task  and  has  been 

given  a  lower  priority  than  other  work,  some  of  which  is  described 
below 

COMPUTER  SYSTEM 

A  number  of  hardware  modifications  have  been  made  to  the  system 
since  the  writing  of  the  paper  to  make  its  operation  more  reliable, 
and  it  can  now  be  controlled  from  the  computer.  Hardware  development 
is  considered  to  be  virtually  complete  and  current  work  is  in  the  fol¬ 
lowing  3  areas: 

1.  Software  development 

2.  Analysis  of  accuracy  of  data  processing 
3*  Calibration  of  the  system 

Software  Developments 

The  major  accbmplishment  here  is  the  writing  of  a  program  to 
process  data  from  the  photo- in^aging  laboratory.  This  program  provides 
the  following  information: 

1.  Signal  (as  a  function  of  time)  displayed  on  graphics 
display  terminal 

2.  Fixed  pattern  noise  due  to  target  structure  of  storage 
terminal,  and  also  a  slight  curvature  of  its  pedestal 

3*  Signal  (l)  corrected  for  fixed  pattern  noise  (2) 

4.  Power  spectrum  of  signal 
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5.  Power  spectral  density  of  noise  from  storage  teiwdnal 
as  well  as  in  signal 

6.  Effective  sampling  fiv>quency 


Fig.  2  shows  the  fixed  pattern  noise  which  was  present. 

Pig.  3  Is  th«  sine  wave  with  the  teed  pattern  noiae  aubtraoted  out. 

(the  apparent  change  in  the  pedeatal  height  ia  not  significant,  but 
was  done  for  display  purposes). 

Power  spectral  densities  for  ^diite  noise  through  a  low  pass  filter 
and  band  limited  noise  are  shown  in  the  figures  below; 
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There  are  a  number  of  important  points  to  be  made  about  the 
program.  It  is  interactive  and  affords  a  great  deal  of  flexibility 
for  tile  usor,  both  in  selecting  vdiat  processing  is  to  be  done,  and 
displaying  the  results  of  that  processing.  The  program  is  quite  fast; 
the  analysis  and  display  to  generate  the  above  pictures  was  completed 
in  approximately  20  minutes.  A  final,  important  feature  of  the  pro¬ 
gram  is  the  fact  that  it  runs  in  l6k  of  core.  This  is  accomplished 
by  using  an  overlay  structure  in  the  programming,  and  shows  how  ouch 
processing  is  feasible  on  small  machines.  One  final  development  in  the 
software  area  is  a  program  to  do  a  linear  least  square  fit  of  experi¬ 
mental  data  using  the  graphics  display  terminal.  Data  from  the  photo 
iiDSging  lab  is  displayed  on  the  terminal,  the  user  selects  the  end 
points  of  the  fit  with  the  light  pen  and  the  program  tells  the  num  - 
ber  of  points  used  and  the  rms  error.  Uiis  has  been  used  for  example 
to  detemiine  that  the  linearity  of  the  read  out  sweeps  is  0.2°/o 
(including  compensation  for  quantization  error  in  A/D  converter). 
Accuracy  Analysis 

This  is  the  analysis  which  establishes  what  the  accuracy  and 
error  bounds  on  the  above  processing  are.  It  is  being  concluded  at 
the  present  time,  as  is  the  calibration  and  use  of  an  Ultra  Fast 
Fourier  Transform  which  runs  in  approximately  15-25°/o  of  the  time 
usually  required  to  perform  the  PFT.  The  use  of  data  weighting  win¬ 
dows  to  smooth  the  data  and  improve  the  spectral  estimates  is  also 
being  investigated. 

The  selection  of  weighting  windows  will  eventually  be  another  op¬ 
tion  in  the  main  processing  program. 
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System  Calibration 

13ie  final  calibration  of  the  system  is  contingent  upon  the  com¬ 
pletion  of  the  latter  two  areas.  We  have  determined  that  the  band¬ 
width  of  the  storage  terminal  is ««  lOmHz.  A  method  for  measuring  its 
linearity  which  is  more  rigorous  than  the  usual  staircase  or  ramp  ap¬ 
proach  is  being  developed  and  several  methods  of  determining  the  MTP 
of  the  terminal  are  under  consideration. 

We  hope  to  develop  the  above  programs  and  calibration  procedures 
into  a  set  of  tests  which  can  be  run  each  time  before  data  is  collected. 


IG 
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5.3  Sampling  Scope  Techniques  for  Measuring  Signal  and  Noise 

The  sampling  scope  techniques  described  in  Appendix  II  were  de¬ 
veloped  largely  in  these  laboratories  by  Mr.  H.  D.  Pisher,  now  of  the 
Naval  Electronics  Laboratory  Center.  The  details  of  his  most  recent 
work  ar’e  given  in  a  separate  report  from  NELC,  but  a  general  esti¬ 
mate  of  the  value  of  this  technique  is  given  in  Appendix  IV.  In  the 
sampling  technique,  a  single  sample  is  taken  from  the  same  point  in 
each  frame  of  a  television  signal.  If  the  signal  is  truly  stationary, 
the  average  value  of  many  samples  gives  accurately  the  value  of  the 
signal  at  that  point  in  the  frame,  while  the  r.m.s.  deviation  of  the 
laamples  from  that  average  may  be  calculated  easily  by  the  computer  and 
is  accurately  the  r.m.s.  value  of  the  noise  present  in  the  bandwidth 
of  the  video  amplifier.  Our  principal  problems  were  with  small  vari¬ 
ations  in  the  signal  due  to  circ\iit  instabilities  in  the  67  second  in¬ 
terval  required  to  accomodate  2000  samples.  Provided  that  the  in¬ 
stabilities  can  be  kept  very  small  compared  to  the  noise  currents,  this 
method  seems  capable  of  measuring  r.m.s.  noise  currents  in  the  pre¬ 
sence  of  the  video  signal  to  an  accuracy  of  one  or  two  percent.  As 
indicated  in  Appendix  IH, this  accuracy  is  actually  required  if  one 
wishes  to  measure  typical  tube  noise  contributions  in  the  presence  of 
the  omnipresent  pre-amplifier  noise. 
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5.4  Si,i5nal  Meastirements  vrith  a  Box-Car  Integrator 

The  basic  concept  of  boxcar  integrator  signal  measurements  is 
described  in  Appendix  II.  Results  of  recent  measurements,  and  con¬ 
siderations  of  measurement  accuracy  vs.  measurement  time  are  dis¬ 
cussed  in  this  section. 

In  order  that  the  boxcar  integrator  be  utilized  effectively,  two 
aspects  of  its  operation  must  be  given  careful  consideration,  namely 
the  MLniinum  Scan  Rate  (MSR)  actually  given  in  seconds  or  minutes  per 
scan,  and  Signal  to  Noise  Improvement  R  tio  (SNIR).  Both  are  nec¬ 
essarily  interelated  and  therefore  proper  weighting  must  be  assigned 
to  each  according  to  the  experimenter’s  needs  and  the  restrictions 
under  which  he  may  be  working. 

IVBR  and  SNIR  are  expressed  mathematically  by  the  following 


MSR  =  ®  (^) 
'AT'  ^  12' 


SNIR  =  [2(0TC)f]2 

where:  TB  =  time  base  setting  of  boxcar  integrator  in  seconds 
OTC  =  observed  time  constant 
AT  =  Aperture  time  (size  of  sampling  window) 
f  =  frequency  of  sampling. 

The  observed  time  constar.t  mentioned  here  is  a  function  of  the  set¬ 
tings  of  the  time  constant  switches  on  the  PAR  model  I60  boxcar  inte¬ 
grator  and  of  the  sampling  gates  (normal  resolution  -  wide  window,  high 
resolution  -  narrow  window).  OTC  is  expressed  by  the  following: 


OTC 


/'^NRx2 


F 
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vdiere.  high  resolution  time  constant 

^NR  ~  "°^^1  resolution  time  constant 
f  =  sampling  frequency 
AT  =  aperture  time 

ST  =  stretch  time  (normal  gate  width) 

the  OTC  affeota  both  the  tGR  and  the  SHIR,  and  therefore  plays 
an  important  part  in  wei^tlng  one  or  the  other.  SMIH  la  proportional 
to  the  square  root  of  OTC.  tad  because  it  is  desi^ble,  for  signal  ex¬ 
traction  from  noise,  to  make  SNIR  large  it  becomes  necessary  to  make 
OTC  large  also.  Unfortunately  OTC  is  directly  proportional  to  MSR. 

This  means  that  the  larger  OTC  is  made  the  slower  the  boxcar  Integiator 
mst  scan  to  produce  a  dependable  output.  This  has  the  effect  of  in¬ 
creasing  the  experiment  time  necessary  to  make  measurements. 

From  experience  gained,  ti.e  following  settings  have  been  chosen: 

1.  aperture  time  (AT)  =  10(l0"9)  sec. 

2.  time  base  (TB)  =  5(l0’^)  sec. 

3.  stretch  time  (ST)  =  I0(l0'^)  sec. 

4.  sampling  freq.  (f)  =  30/sec. 

5.  high  res.  time  const.  (TCj^j^)  =  I00(l0’9)  gee. 

The  aperture  time  was  chosen  from  resolution  requirements  and  is  the 
narrowest  sampling  gate  width  available  with  this  model  boxcar  in¬ 
tegrator.  The  sampling  frequency  was  chosen  because  it  is  the  TV 
frame  rate  and  allows  the  boxcar  Integrator  to  be  synchronized  with 
the  scanning  pattern  for  the  tube  under  test.  It  is  well  to  note 
here  also  that  a  short  time  base  was  chosen  because  MSR  is  directly 
proportional  to  the  time  base  duration. 

The  above  settings  were  always  used  and  were  not  to  be  varied  to 
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weight  either  MSR  or  SNIR. 

It  is  now  of  interest  to  determine  the  maximum  SNIR  available 
at  these  settings.  To  do  this,  it  will  be  assumed  that  the  slowest 
scan  rate  of  1000  minutes  experiment  time  for  a  5^^  second  time  base 
will  be  utilized.  Then: 


10(10“^) 


PTC 

12 


or  MSR  in 

minutes  =  42  OTC  in  seconds 


Setting  MSR  =  lOOO  minutes: 

1000  =  42C0TC) 

OTC  as  24  seconds 

Since : 

SNIR  =  [2  f  (OTC)]^ 

1, 

sn:;r  =  7.75  (OTC) 2 

Then  we  have  for  a  maximum  practical  signal  to  noise  improvement: 

SNIRj^  =  7.75  =  38 

To  show  how  this  affects  the  experiment  time,  assume  that  it  is 
desired  to  scan  across  eight  lines  of  a  800  TVL/Ph  bar  pattern,  (four 
black  and  four  white  lines).  At  800  TVL/PH,  one  bar  corresponds  to  a 
video  signal  duration  of  approximately  50  nanoseconds.  The  scan  rate 
tells  in  minutes  the  time  required  to  scan  across  the  complete  time 
base.  Therefore  with  a  scan  rate  of  1000  minutes  and  a  time  base  of 
5ji  sec.  we  obtain 

=  200  min/|isec  of  signal 

5(10'^) 


£0 


19 


or 

.2  min/nanosec. 

Since  a  group  of  8  alternating  black  and  white  bars  takes  a 
total  of  400  nanoseconds.  Ihe  experiment  time  is: 

•2  min/h  sec.  x  400  nsec  =  8o  min. 

It  will  therefore  take  a  total  of  8o  minutes  "real  time"  to  scan  across 
these  8  bars  while  realizing  the  maximum  signal  to  noise  improvement 
ratio  available  at  the  p^’escribed  settings. 

This  is  a  stiff  price  to  pay  in  time  for  obtaining  a  relatively 
noise  free  trace  of  the  video  waveform  ass  'ciated  with  just  one  group 

in  the  test  pattern,  and  shows  why  a  tradeoff  between  KBR  and  SNTR 
must  be  made. 

In  practice  it  is  not  necessary  to  operate  the  boxcar  integrator 
in  a  manner  which  will  yield  the  maximum  SNIR  possible.  In  fact  ex¬ 
perience  has  shown  that  SNIR  of  20  or  less  yields  good  results.  This 
is  a  boon  for  the  experimenter  because  by  decreasing  the  SNIR  by  a 
factor  of  one  decreases  the  MSR  and  thus  the  experiment  time  to 
lA  of  the  original  value,  to  about  20  minutes  for  the  example  given. 

Measurements  were  made  using  a  WX50893  SBC  camera  tube  manu¬ 
factured  by  Westinghouse  Electric  Corp.  Results  showed  that  it  was 
possible  to  obtain  valid  measurements  of  signal  strength  at  spatial 
frequencies  up  to  700  TVL/PH.  This  serves  to  illustrate  the  substantial 
advantage  of  the  boxcar  integrator  as  compared  to  the  "A"  scope.  Mea¬ 
surements  with  the  latter  were  difficult  at  500  TVL/PH  and  impossible 
for  any  spatial  frequency  above  500  TVL/PH.  Although  no  video  signal 
was  measured  at  spatial  frequencies  higher  than  700  TVL/Ph,  this  was 
due  to  resolution  limitations  of  the  camera  tube  and  not  of  the  box¬ 
car  integrator.  Because  of  the  narrow  10/nsec  sampling  gate  obtainable 
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Kith  the  n«,ael  160  bexoar  integrator  it  i,  poeaible  to  aehieve  naan- 
ingful  reaulte  for  horizontal  spatial  frequencies  as  high  as  2000  W 
lines  per  patte™  height  with  stanaaiii  US  broadcast  scanning  stanqarUs, 
The  experiment  times  .rtth  the  boxcar  integrator  are  sufficiently 
leng.  so  that  obtaining  an  accurate  tiace  for  the  video  wavefom  from 
an  entire  scanning  line  is  is^ractical.  Ihe  inherently  long  experi- 
«nt  time  can  in  a  sense  be  blamed  on  the  extremely  low  info^ation 
gathering  duty  cycle,  only  10  nanoseconds  in  every  I/30  second,  one 
part  in  3,000,000.  But  despite  its  slowness,  the  boxcar  Integrator 
aces  Offer  the  possibility  of  deteradning  accurately  such  waveforms 
as  a  blach  to  white  transition  and  hence  of  providing  data  which  was 
completely  inaccessible  through  the  earlier  A-scope  technique. 
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4.  Measurement  of  Signal  to  Noise  Ratio  Directly  from  the  Display 
Recent  theories  predicting  observer  performance  are  based  on  an 
assumed  signal  Po  noise  ratio  at  the  display,  in  terms  of  a  noise  which 
is  a  time  varying  brightness  fluctuation  for  a  viewer-deteiroined  dis¬ 
play  area  and  sampling  time,  and  of  signal  which  is  the  difference  in 
brightness  of  adjoining  small  areas  in  the  image.  To  permit  measuring 
signal  and  noise  independently  at  the  display  on  the  pattern  detail 
which  the  viewer  is  using  for  recognition,  all  with  minimum  disturb¬ 
ance  to  the  viewer,  we  are  setting  up  the  following  method  in  these 
laboratories. 

4.1  The  pattern  is  viewed  by  a  Model  I980  Spectra  Pritchard  spot  photo¬ 
meter.  The  optical  system  of  this  device  images  the  display  on  a  mir¬ 
ror  within  the  device.  A  small  calibrated  aperture  in  the  mirror  per¬ 
mits  li^t  from  a  small  area  of  the  display  to  pass  through  the  mir¬ 
ror  to  a  multiplier  photo-tube  for  measurement  of  brightness  or  of 
fluctuations  in  brightness.  The  operator  views  an  area  of  the  image 

in  the  mirror  through  an  eyepiece.  A  small  dark  spot,  the  aperture, 
shows  exactly  the  small  area  being  measured  in  the  operator's  field 
of  view. 

4.2  The  instrument  is  provided  with  a  series  of  interchangeable  mir¬ 
rors  in  a  turret  to  provide  a  range  of  aperture  sizes,  and  with  a  ser¬ 
ies  of  lenses  of  various  focal  lengths  to  permit  measuring  brightness 
and  brightness  fluctuations  for  image  areas  as  small  as  0.001"  in  dia¬ 
meter. 

4.3  The  averaged  photomultiplier  output  is  normally  fed  through  an  ap¬ 
propriate  low  pass  filter  and  an  A/D  converter  to  a  digital  indicator 
or  to  a  computer.  For  our  purpose  -Hie  signal  is  processed  at  full 
bandwidth  throu^  a  sampling  scope,  A/D  converter 


or  our  other  peri- 
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pheral  eqxiipraent.  For  a  direct  view  device,  average  brightness  is 
measured  either  by  computer  averaging  of  a  large  number  of  samples  or 
by  the  normal  integrating  circuits  in  the  photometer,  which  can  oper¬ 
ate  simultaneously  with  the  sampling  process.  The  fluctuation  current 
is  measured  and  recorded  as  a  function  or  sampling  apertuj.*e  size  and  the 
sampling  time,  and  digital  techniques  are  used  to  detemine  the  nns, 
fluctuation  for  sampling  times  of  0,1  or  0,2  sec  like  that  of  the  eye, 
or  for  any  other  desired  averaging/sampling  time.  The  same  sample  and 
hold  technique  is  also  readily  useful  for  measurenient  of  displays  w.iai 
moving  test  patterns, 

4,4  With  TV  displays  or  scanner  displays,  the  signal  from  the  spot 
photometer  consists  of  a  pulse  of  light  as  the  electron  beam  in  the 
display  scans  across  the  sample  area.  Depending  on  the  size  of  the 
sampled  area,  there  may  be  several  such  pulses  repeating  at  the  line 
scan  rate  if  several  raster  lines  cross  the  area.  Each  will  have  a 
quasi  exponential  tail  due  to  display  phosphor  decay.  Bursts  of  pulses 
will  recur  at  the  frame  rate,  or  field  rate  if  interlaced  scanning  is 
used.  Current  thinking  is  that  the  obsetrver  integrates  the  bri^tness 
vs  time  function  for  each  sm?.ll  area  over  the  0,1  to  0,2  second  in¬ 
tegration  time  of  his  eye  to  determine  the  brightness  of  that  area,  and 
thiit  it  is  the  fluctuation  in  this  short  time  average  which  the  obser¬ 
ver  sees  as  noise. 

By  use  of  our  peripherals,  we  will  sum  the  charge  represented  by 
each  light  pulse  from  a  sample  area  and  store  the  values  of  these  sums 
for  many  frames  to  determine  their  average  value  and  their  fluctuations 
from  the  average  value  as  a  function  of  sample  area,  sample  time,  dis¬ 
play  brigditness  and  of  input  signal  parameters.  The  resulting  data 
should  provide  the  first  direct  measure  of  signal  to  noise  ratio  at 
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the  W  display,  i.^lude  the  image  degrading  effects  of  the  dis- 
ould  permit  a  more  direct  correlation  of  display  para- 

3..  aeMevea  .e.c.,  uae 
Jha  ^esccpio  ^,0.  can  ..a„  t.e  «ap.a, 

aacpucin*  tne  .n™„  nCsex^eP.  aee.  to  na  an  ,,cntant  a.- 
vantage  in  this  search  for  correlation. 

^^.5  attacea  n^na  aW  a  t^ical  „a.efo»  as  ^asua^ 

-  area  of  a  talaviaton  display  „itn  a  „dal  1^0  Spectia-Pfit- 
Chard  Photometer.  This  qifmoi 

^.is  Signal  ^3  fad  to  an  M>  converter  With  a 

lock  rate,  whose  output  was  then  suarod  in  a  digital 
.  a  aigital  computer 

prox  mate  the  area  under  the  cuive,  therefore  the  total  light 
^tput  from  each  TV  field.  As  shown,  the  time  constant  of  the  P-4 
^o3i.or  screen  is  long  enough  so  that  .e  l*s  sailing  rate  is  fast 
dg  tc  provide  an  accurate  measure  of  the  total  light  output.  The 

P^int  out  b©n©fl.‘t'}i  +V1.-4 

eneath  the  fi^  .hows  that  fluctuations  for  this  dis- 
jy  were  very  small.  The  experiments  are  now  bing  extended  to  cases 
-lower  camera  tube  illumination  where  higher  a^lifier  gain  .11 
-ke  prea^iiTier  noise  obvious  on  the  display. 

~ 

J  pattern,  including  the  linear  array  scan  used  in  some  PT.H  ay. 
--  aance  we  are  measuring  integreted  brightness  from  a  small  area 

-- ..Play,  and  it  is  only  necessary  that  the  il.  converter  be 

a<l  on  for  an  appropriate  sampling  time  interval, 
in  this  method,  the  display  and  the  spot  ihotometer  will  be  mount- 

V&riQUc*  Al^pfiq  T  W  1  T  V  ” 

or  hy  elect  •  er 

ncally  moving  the  pattern  on  tlie  display.  Since  the  col¬ 
lection  Of  noise  statistics  will  require  taking  a  1 

ing  ^  large  number  of  samples 
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at  one  place  in  the  picture,  we  do  not  now  see  a  need  for  rapid  mo¬ 
tion  of  the  sampling  instrument.  On  the  other  hand  the  performance 
of  the  system  against  moving  scenes  seems  best  presented  in  terms  of 
the  data  from  a  stationary  obser’/ing  instrument. 

At  present,  we  expect  that  the  interface  between  this  instrument 
and  a  computer  will  be  relatively  modest.  In  any  event,  if  a  Bio- 
mation  data  recorder  is  available  for  processing  video  signals,  the 
same  interface  equipment  should  be  more  than  adequate  to  process  the 
narrower  bandwidth  data  taken  from  the  phosphor  screen  of  the  display. 
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APPENDIX  I 


Detective  Quantuxii  Efficiency 


Ihe  pages  of  the  following  appendix  are  not  numbered 
consistently  with  the  rest  of  this  report,  because  it  is  a 
working  draft  representing  the  status  of  an  on-going  project, 
being  conducted  by  Professor  S.  Nudelman. 


I.  Introduction 

A.  The  Study  and  Preliminary  Findings 

This  report  presents  the  status  of  a  study  to  seek  im¬ 
proved  ways  for  evaluating  and  specifying  the  performance  of 
photoelectronic  imaging  devices,  with  emphasis  on  components 
rather  than  complete  systems.  Soon  after  beginning  work,  it 
became  clear  that  the  problem  led  to  solutions  that  could  be 
in  conflict  with  the  ways  in  which  one  evaluates  passive  op¬ 
tics,  film  and  elemental  photodetectors.  Accordingly,  the 
study  was  expanded  to  seek  solutions  that  were  compatible  for 

all  imaging  devices. 

Detailed  analysis  of  various  models  of  optics,  elemental 
photodetectors  and  photoelectronic  imaging  devices  reveals 
that  Detective  Quantum  Efficiency  (DQE)  is  a  compatible  con¬ 
cept.  DOE  is  simply  the  fraction  of  incident  photons  that 
result  in  usable  output  information.  At  best  it  is  equal  to 
the  quantum  efficiency  of  the  photosensor;  it  is  degraded  from 
this  value  by  noise  limiting  device  performance.  Thus  it  is 
a  simple  concept  and  shown  to  be  adaptable  for  easy  use.. 

DQE  (which  can  be  considered  as  a  function  of  spatial  fre- 
quency)  and  MTF  are  shown  to  be  related  in  a  simple  manner, 
that  is,  this  spatial  frequency  dependent  DQE  is  proportional 
to  MTF®.  This  permits  making  use  of  conventional  procedures 
for  obtaining  MTF  to  calculate  DQE  as  a  function  of  frequency. 
Replacing  MTF  by  DQE  for  device  evaluation  in  essence  provides 
a  corresponding  evaluation,  but  based  on  an  absolute  scale. 
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The  D<JE  discussed  in  this  paper  is  censidered  to  be  dependent 
on  spatial  frequency.  Accordingly,  one  can  establish  the  frac. 
tion  of  incident  photons  that  will  result  in  usible  output  sig. 
nal  as  a  function  of  frequency.  Further,  when  used  in  a  system 


analysis,  rt  can  be  used  in  the  manner  that  is  customary 
MTF,  that  is  in  the  multiplication  of  component  DQE's  to 


for 

ob¬ 


tain  the  system  DQE, 


This  first  report  covers  theoretical  concepts.  At  the 
time  of  its  writing,  the  section  dealing  with  film  was  incom¬ 
plete.  It  will  be  included  in  the  second  report. 

Data  is  being  collected  from  our  test  facility  at  the 
University  of  Rhode  Island  to  evaluate  image  tubes  in  terms 
Of  DQE  vs.  spatial  frequency.  It  will  be  used  to  test  the 
theory,  and  hopefully  to  demonstrate  improvement  in  the  evalua 
tion  and  specification  of  these  devices. 

B.  General  Comments 


Photoelectronic  imaging  devices  are  generally  not  rated 
by  criteria  similar  to  those  used  for  most  photoelectronic 
devices,  such  as  quantum  efficiency,  noise  equivalent  power 
or  detectivity  star  as  applied  to  phototubes  or  elemental 
detectors.  In  fact  they  are  not  rated  at  all  in  any  absolute 
manner,  or  referenced  to  any  absolute  standard.  A  user  is 
provided  with  engineering  information  about  device  operation 
such  as  signal,  noise,  signal  to  noise  ratio,  the  modulation 
transfer  function,  transfer  characteristics  with  either  photo¬ 
metric  and  radiometric  units.  Problems  remain,  however,  in 


that  a,™n  with  such  abundant  information,  a  aoientiat  trying 
to  design  a  system  for  imaging  and  reproducing  some  incident 
photon  flux  cannot  select  the  proper  tube  for  his  purpose 
without  tremendous  experience  or  education  in  dealing  with 
these  devices.  He  still  lacks  a  quantity  (such  as  quantum 
efficiency  when  applied  to  photooathodes )  which  can  provide 
some  measure  at  a  glance  of  the  fraction  of  incident  photons 
that  are  converted  to  countable  electronic  events,  and  a 
measure  of  limiting  performance  capability. 


Today  one  of  the  most  important  measurements  made  on  all 
imaging  devices  is  the  modulation  transfer  function  (MTF).  It 
offers  a  measure  of  the  performance  of  the  device  as  a  function 
patial  frequency,  which  in  turn  is  a  measure  of  resolution, 
Dnfortunately  for  photoeiectronic  imaging  devices,  this  quan¬ 
tity  is  based  entirely  on  the  measurement  of  signal  and  ex¬ 
cludes  any  considerations  of  noise  or  quant™  efficiency.  MTF 
measurements  are  customarily  normalized  to  unity,  which  means 
that  other  basic  information  is  deliberately  omitted.  In  a 
system  or  device  comprising  a  series  of  imaging  components  and 
such  as  lenses,  image  tubes  and  photographic  film,  it 
is  customary  to  multiply  the  MTfs  of  each  device  in  the  system 
to  arrive  at  an  MTF  for  the  system  as  a  whole.  This  is  done 
even  though  the  first  device  might  have  a  quantum  efficiency 
of  100  percent ,  the  second  of  50  percent  and  the  third  of  one 
percent.  They  are  treated  equally  well,  with  the  result  that 


one  Obtains  a  system  MTF  curve  which  is  of  limited  usefulness. 

It  is  common  experience  to  find  predictions  of  system  performance 
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based 


on  using  MTF  to  be  far  x  x 

far  different  than  that  aetually  ob¬ 
served,  particularly  „hen  faced  with  nolee  li„itl 

noise  limiting  conditions. 

etectlve  ^antu..  .ffieiency  (PQB)  le  a  concept  which  In- 
u  ee  all  of  these  factors  clssln.  fros.  mTP.  it  was  created 
Hose  in  1,„.  and  used  by  p.  Olarhe  denes  to  evaluate  ele. 

n  al  Photosensors,  phctoelectronlc  Imagine  devices  and  fils. 

in  a  major  publication  of  19-508 

1959  .  Since  that  time  other  re¬ 
searchers  have  uspH 

,  ,  devices,  but  with 

relatively  little  acceptance  in  th« 

engineering  community 

u  1  nine  imagine  devices,  its  lach  of  appUeatlon  Is  based 

probably  on  some  general  conlhslen  about  Its  meaning  and  ways 
in  which  it  can  bo  used. 

The  introduction  and  application  of  MTP  to  optics,  which 

vas  pulte  successful,  was  carried  over  to  photoelectronlc 

nagl^  devices  and  photographic  media.  Ihus .  It  became  part 
of  established  practiro  n  ^  ^ 

,  ,  ootablished  and  included 

in  a  voluminous  liters v_ 

literature  which  grew  out  of  the  applications 

this  concept.  It  became  Increasingly  difficult.  If  not 

naarly  impossible,  to  mahe  use  of  other  concepts.  „nis  there 

considerable  investment  In  MTP  which  all  are  reluctant  to 
lose,  considering  the  large  exnenHv+ 

«  ,  ^  nditure  m  human  endeavor  and 

-nds  poured  Into  this  concept,  fortunately.  It  appears  that 

patial  frequency  dependent  DQE  and  MTF  are  related  In  a 

s  mp  e  analytical  manner,  which  makes  it  possible  to  v 
nr  possible  to  make  use 

01  both  concepts. 

lenses"!  ^  ^  to 

and  mirrors  having  essentially  loo  percent  transmission 
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or  reflection  in  the  spectral  regions  used*  Considered  as 
ideal  devices  ^  they  provide  a  number  of  recordable  events  in 
the  image  (photons)  equal  to  those  incident  on  the  optics  from 
the  object.  Accordingly  they  perform  like  an  ideal  photoelec- 
tronic  imaging  device  whose  quantum  efficiency  is  unity.  When 
one  multiplies  the  MTF's  of  a  series  of  lenses  having  essen- 
perfect  transmission  characteristics »  the  result  can 
be  accurate  and  predict  satisfactorily  a  system’s  performance, 
ly »  this  does  not  follow  for  photoelectronic  imaging 
devices  and  film,  whose  quantum  efficiencies  vary  widely  and 
where  noise  limiting  conditions  prevail. 

The  wordage  used  by  Jones  to  describe  Rose's  concept 
grew  out  of  the  considerations  of  the  infrared  detector  com¬ 
munity  of  research  scientists  during  the  1950's,  At  that  time 
it  became  clear  that  progress  in  the  field  required  quantita¬ 
tively  correct  measurement  procedures  together  with  precise 
definitions  in  the  concepts  used  to  evaluate  detectors.  Many 
concepts  were  being  explored  and  in  some  cases  a  word  was  used 
such  as  "sensitivity"  which  suffered  from  having  many  different 
meanings,  A  similar  situation  exists  today  with  the  word 
"contrast"  which  recently  was  pointed  out  to  have  at  least  11 
meanings  by  P,  Pryor®,  Out  of  the  morass  and  arguments  in  the 
1950 's  grew  the  accepted  concepts  of  noise  equivalent  power 
(NEP),  detectivity  (d)  and  detectivity  star  (d*)  applied  to 
infrared  detectors.  These  concepts  provided  an  evaluation  of 
detectors  using  absolute  measurement  procedures  based  on  a 
blackbody  being  used  as  the  test  source  of  irradiation.  These 
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concepts  are  firmly  established  and  still  in  use  today.  The 
quantities  NEP ,  D  and  D*  now  precisely  defined; completely  re¬ 
placed  loose  words  such  as  "sensitivity”  and  various  figures 
of  merit  explored  at  that  time.  Further »  they  are  now  as¬ 
sociated  with  specific  devices  and  provide  a  rating  easily 
related  to  Detective  Quantutn  Efficiency  (see  Section  II,  B3), 
Detective  Quantum  Efficiency  then  was  applied  by  Jones 
to  evaluate  a  variety  of  devices.  The  word  "detectivity" 
which  had  been  earlier  established  as  a  measure  of  quantitative 
performance  of  infrared  detectors  was  carried  over  to  this  new 
way  of  evaluating  devices.  Unfortunately,  the  name  seems  to 
have  given  the  iTT’pression  of  being  a  somewhat  mysterious  quan¬ 
tity  and  treated  by  workers  in  the  field  as  something  useful 
only  in  the  research  laboratory.  Yet  it  is  a  simple  concept 
Indeed. 
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II,  Detective  Quantum  Efficiency 
A,  Interpretation 

A  way  in  which  DQE  can  be  related  to  the  simpler  concept 
of  quantum  efficiency  can  be  estimated  with  reference  to  Fig,  1, 
There  is  shown  schematically  an  arrangement  of  photoelectronlc 
devices  comprising  an  elemental  photosensor  ( non- imaging ) ,  fol¬ 
lowed  by  imaging  devices.  Each  of  these  devices  has  in  common 
a  material  which  converts  photons  to  some  recordable  event. 

These  range  from  the  photoemissive  cathode  of  the  phototube  or 
photomultiplier,  to  photon  sensitive  semiconductors  and  to  photo¬ 
graphic  media.  All  of  these  can  be  evaluated  when  used  in  a 
non-imaging  way  in  terms  of  the  simple  concept  of  quantum  ef¬ 
ficiency,  A  rating  in  this  term  is  simply  a  measure  of  the  numbe 
of  recordable  events  out  of  the  device  per  incident  photon. 

This  concept  can  be  applied  also  to  optical  media  and  mirrors 
where  their  transmittance  and  reflectance  respectively  are 
treated  as  a  type  of  quantum  efficiency, 

A  rating  in  terms  of  quantum  efficiency,  however,  is  in¬ 
accurate  for  devices  limited  by  electronic  no-ise.  An  infrared 
photodetector,  for  example,  is  made  of  a  semiconducting  material 
which  is  sensitive  to  light  and  has  an  intrinsic  quantum  effi¬ 
ciency,  Yet,  when  this  same  material  is  made  into  a  seemingly 
pQrfect  photodetector,  the  device  quantum  efficiency  is  generally 
less  than  that  measured  for  the  semiconductor.  The  explanation 
lies  in  the  inclusion  of  new  sources  of  electronic  noise  when 
the  device  is  fabricated  and  connected  to  its  preamplifier. 

These  sources  of  noise  might  be  inherent  in  the  detector,  its 


contacts,  in  the  coupling  network  or  the  preamplifier*.  Such 
noise  has  been  called  excess  (l/f),  shot  and  Johnson  noise  de¬ 
pending  on  its  character  and  source.  When  electronic  noise  is 
Significant  compared  to  that  generated  by  photon  noise  from 
the  background  (Photoelectronic) ,  it  causes  a  reduction  in  the 
number  of  recordable  output  events  (electrons)  per  incident 
photon,  or  in  teims  of  current,  there  is  caused  a  reduction  in 
output  Signal  current  per  incident  photon  flux.  Thus  electronic 
noise  causes  the  device  quantum  efficiency  to  be  less  than  that 
for  the  basic  photosensing  material.  It  is  this  device 

efficiency  which  is  known  as  ^Detective  Quantum  Efficiency” 
or  DQE. 

Image  tubes  also  have  commonly  a  DQE  less  than  the  quantum 
efficiency  of  their  photocathodes.  The  explanation  is  the  same 
as  for  elemental  detectors,  being  the  result  of  additive  elec¬ 
tronic  noise  degrading  photosensor  performance  (see  Section  HID) 

Lenses  and  mirrors  are  not  subject  to  electronic  noise,  so 
that  their  transmission  or  reflection  are  unaffected  in  applica¬ 
tion.  Accordingly,  their  DQE  suffers  no  degradation  when  per¬ 
fectly  transparent  or  reflective,  respectively.  The  spatial 
frequency  dependent  DQE  is  then  just  the  MTE^ . 

B.  Analysis 

An  understanding  of  DQE  and  its  applications  can  be  ob¬ 
tained  by  analysis  of  simple  theoretical  models  of  several  ideal 
photoelectronic  devices.  It  is  a  relatively  simple  matter  to 
establish  such  a  model  for  a  semiconductor  functioning  as  a 
photodeteotor.  This  was  done  during  the  1950's  by  researchers 
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trying  to  understand  the  performance  of  newly  evolving  detectors ^ 
and  to  predict  the  performance  expected  from  an  ideal  device®. 
They  were  remarkably  successful  in  both  establishing  theoretical 
"ideals*'  and  in  the  development  of  devices  approaching  ideal 
pe  r  f  oxmiance , 

Beginn'  ng  in  1962^  a  series  of  three  papers  evolved  with 
iii’tention  of  first  clearly  delineating  those  factors  respon¬ 
sible  for  device  performance  and  identifying  those  factors  in 
various  figures  of  merit*)  The  first  dealt  with  semicon¬ 

ducting  detectors  and  sought  to  expose  particularly  those 
modifications  in  device  performance  caused  by  different  sources 
of  noise,  and  to  reveal  more  clearly  the  dependence  of  figures 
of  merit  on  device  area  and  the  bandwidth  of  the  measurement. 

The  second  and  third  publications  dealt  with  intensifiers  and 
signal  generating  tubes  respectively,  and  evolved  from  the  same 
approach  as  used  in  the  first  paper  for  elemental  detectors.  It 
was  pursued  because  the  additional  factors  of  area  involved  in 
direct  imaging  and  readout  using  an  electron  beam  were  readily 
accommodated  by  easily  understood  extensions  of  the  differential 
equation  used  as  a  model  for  the  elemental  photodetector.  Fur¬ 
ther,  it  had  the  attribute  of  linking  elemental  detectors  with 
imaging  devices.  The  result  was  the  derivation  of  signal  and 
noise  expressions  applicable  to  these  devices ,  which  led  to  pre¬ 
dictions  of  the  best  performance  that  could  be  expected.  It 
was  hoped  that  this  approach  would  stimulate  research  efforts  to 
compare  actual  performance  with  "ideal"  predictions,  improve  the 
accuracy  and  procedures  involved  in  testing  and  establish  absolute 


criteria  on  which  to  compare  their  performances.  These  aspira¬ 
tions  have  yet  to  be  achieved ^  partly  because  explanations  to 
date  of  absolute  criteria  have  been  unsuccessful  in  establishing 
their  basis  and  usefulness, 

The  purpose  of  the  two  subsections  that  follow  is  to  first 
define  Detective  Quantum  Efficiency  and  then  to  show  its  rela¬ 
tionship  to  MTF,  The  following  section  covers  the  derivation 
of  expressions  for  DQE  applicable  to  the  simple  circular  window 


and  mirror,  the  elemental  photodetector  and  then  imaging ^evice s , 
Comparison  of  these  expressions  will  reveal: 

(1)  DQE  can  be  expressed  in  a  form  that  comprises  multi¬ 
plication  of  the  photosensor  quantum  efficiency  T|, 
with  three  spatial  frequency  dependent  factors,  and 
a  constant, 

(2)  The  multiplying  factors  all  have  a  maximum  value  of 
unity.  They  can  be  associated  with: 

a.  The  effective  aperture 

b.  A  roll-off  function  when  the  device  is  limited  by 
electronic  noise  (excess,  shot,  Johnson),  This 
function  predicted  by  theory  has  not  yet  been  iden¬ 
tified  experimentally, 

c.  Image  motion 

d.  There  are  other  signal  degrading  factors  that  can 
well  be  Included  such  as  those  associated  with  mul¬ 
tiple  reflections,  granularity  and  scattering. 

These  additional  factors,  as  well  as  image  motion, 
are  not  treated  here.  They  are  Important,  but  not 
necessary  for  the  puxposes  of  this  study, 
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f3)  The  value  of  the  constant,  noted  in  (l)  above,  is 
determined  by  the  role  of  \arious  parameters  and 
properties  influencing  performance,  such  as  elec¬ 
trical  bandwidth,  the  area  of  a  resolution  element, 
gain  and  integration  time. 

_Pefinition  of  Detective  Quantum  Efficiency  (DQE) 

Detective  Quantum  Efficiency  is  designed  so  that  it  pro¬ 
vides  a  rating  for  a  real  device  compared  to  that  obtained  from 
an  ideal  device  by  the  expression: 


DQE  =  -^^P-P^^RMs)%rD 

OID 


(1) 


where : 


Sp_p  is  the  peak  to  peak  value  of  signal 
NpMs  value  of  noise 

ORD  indicates  output  from  a  real  device 
OTD  indicates  output  from  an  ideal  device. 

Note  it  is  not  a  trivial  matter  that  signal  is  measured  peak 
to  peak  and  noise  RMS,  This  forces  DQE  always  to  relate  di¬ 
rectly  to  the  photosensor's  quantum  efficiency.  The  first 
indication  of  this  appears  in  the  general  treatment  of  section 
B2,  and  then  for  a  number  of  specific  devices  analyzed  in 
part  III, 

The  treatment  of  signal  and  noise  throughout  this  text 
is  easily  explained  by  reference  to  Figure  2,  Input  is  given 
by  the  number  of  photons  per  unit  area* time  (flux)  irradiating 
the  device  and  is  indicated  throughout  by  J,  Further,  input 
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signal  is  indicated  by  Jg.  All  other  incident  photons  not 
contributing  to  signal  are  referred  to  as  background  photons 

and  denoted  by  J  , 

o 

Input  signal  is  indicated  in  Figure  2  as  being  a  sinu¬ 
soid  having  a  peak  to  peak  value  Jg^.  For  discussions  of  ele¬ 
mental  detectors,  this  input  signal  would  be  irradiance  from  a 
sinusoidally  modulated  standard  light  source,  such  as  from  a 
light  chopper  and  a  blackbody.  Here  the  abscissa  would  be 
measured  in  time,  and  the  input  signal  expressed  in  the  form: 


where  :  w  =  27lf 

f  *  frequency 
t  *  time 

Imaging  devices  also  will  be  analyzed  making  use  of  a 
sinusoidal  irradiance,  where  the  variable  is  distance  rather 
than  time,  since  our  interest  here  is  in  the  amber  of  sinu¬ 
soids  (periods)  across  the  face  of  the  device.  Accordingly, 
^h.e  input  signal  is  now  gi  ven  by: 


''s  -  ^SO® 


(3) 


where:  w  =  2n/K 

A.  «  the  spatial  wavelength  of  the  sinusoidal  test 
pattern  and  the  abscissa  in  Figure  2  is  now 
given  by  distance. 
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Dynamic  response  from  an  imaging  device  could  be  examined 
by  making  use  of  the  traveling  waveform,  that  is 


J  =  =  v/T') 

oO 


(h) 


where:  v  =  velocity  of  the  wave 

T'  -  time  It  takes  the  wave  to  progress  through  a  dis¬ 
tance  of  one  wavelength 

Photon  noise  and  photon  background  will  be  used  in  an  in¬ 
terchangeable  manner.  The  photosensors  in  imaging  devices  are 
responsive  to  individual  photons,  as  distinct  from  thermal  sen¬ 
sors.  Accordingly,  the  treatment  that  follows  assumes  that 
photons  arrive  individually  in  a  random  manner  in  accordance 
with  Bose-Einstein  statistics,  and  that  for  spectral  wave¬ 
lengths  less  than  approximately  10  microns,  can  be  assumed 
Poissonian.  The  fluctuation  corresponding  to  the  random  ar¬ 
rival  Of  photons  is  given  by  j^{t)  -  ,  and  the  mean 

square  fluctuation  denoted  by  Aj».  Since  Poissonian  statis¬ 
tics  prevail,  the  mean  value  of  the  input  photon  flux  is 
given  by: 


Jfl  *  AJ 


B 


(5) 


The  question  of  units  arises  since  DQE  makes  use  of  the 
RMS  val^of  the  noise.  Clearly  this  corresponds  to 
use  of  4J|,  which  has  units  of  (area.time)-®.  Often  to 
simplify  equations ,  the  photon  noise  will  be  expressed  in 
terms  of  its  equivalent  which  has  the  units  (area. time)'* , 
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By  relating  the  fluctuation  to  the  mean  value  which  for  photons 

becomes  the  ambient y  or  background,  it  is  possible  to  relate 

DQE  directly  to  the  background  flux  which  offers  considerable 

utility.  This  is  shown  next  below. 

The  ideal  device  is  assiomed  to  accept  all  incident  photons 

both  signal  and  noise  (or  background)  and  record  them  exactly 

as  they  appear  incident  on  the  face  of  the  device.  Assuming 

the  device  to  have  a  photosensor  with  surface  area  A,  and  that 

the  device  provides  an  integration  time  T,  the  ideal  peak  to 

peak  signal  recorded  would  be  proportional  to  JgQ»A«T,  and 

1 

the  RMS  value  of  the  noise  proportional  to  (J_»A»T)^,  Ac- 
cordingly  the  signal  to  noise  ratio  from  an  ideal  device  is 
given  by: 


^P-P 

^RMS  OID 


and  insertion  in  Equation  1  gives  (2): 


DQE 


(^P-P  / 

T  A  /  Jg 


(6) 


(7) 


Note  that  this  treatment  for  the  ideal  device  presumes  that 
its  photosensor  has  a  quantum  ei'ficiency  of  100  percent,  and 
that  the  shape  of  its  limiting  aperture  does  not  deteriorate 
device  performance  in  terms  of  its  spatial  frequency  response. 
It’s  simply  perfect.  Since  it  is  perfect,  the  output  signal  to 
noise  ratio  is  the  same  as  the  input  flux  signal  to  noise  ratio, 
multiplied  by  the  square  root  of  the  device  area  and  integration 
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Contrast  does  not  appeal  directly  in  the  definition  or  sub¬ 
sequent  expressions  for  DQE,  nor  will  it  appear  anywhere  in  this 
text.  There  are  so  many  ways  of  expressing  contrast  that  care  in 
its  definition  must  be  exercised  to  maintain  its  usefulness®.  All 
the  definitions  represent  various  ratios  of  some  maximum  and  mini¬ 
mum  value.  For  photoelectronic  devices,  if  signal  and  noise,  or 
signal  and  background  are  properl^r  treated,  there  is  little  need 
to  use  contrast.  Recent  conversations  with  P,  Pryor,  however, 
point  out  that  continuing  to  use  ••contrast'*  is  necessary  in  some 
aspects  of  image  forming  systems.  He  notes  the  following: 

"Contrast  is  an  important  concept  in  the  evaluation  and  analy¬ 
sis  of  a  complete  imaging  system  including  the  object  and  its  back¬ 
ground,  all  intermediate  components,  elements  and  devices,  as  well 
as  the  final  display.  One  must,  however,  define  carefully  the 
type  of  contrast  under  discussion  (there  have  been  at  least  15 
different  definitions  used).  The  object  and  its  background  can 
often  be  usefully  referred  to  as  having  a  specific  contrast  (meas¬ 
ured  in  terms  of  reflectance  or  transmission).  This  "contrast"  is 
independent  of  "Signal  to  Noise"  at  an  unspecified  level  of  radiance. 
It  is  also  often  useful  to  refer  to  the  contrast  reducing 
effect  of  the  atmosphere  (sometimes  referred  to  as  contrast  trans¬ 
mission),  When  "modulation  contrast"  (max  minus  min  divided  by 
max  +  min)  is  used  to  describe  a  repetitive  target  such  as  a  bar 
target,  the  square  wave  response  function  is  a  measure  of  contrast 
reduction  as  a  function  of  spatial  frequency. 

It  is  true  that  the  Signal  to  Noise  out  at  the  display  is  a 
very  important  measure  of  perfoxroance.  There  is,  however,  a  con¬ 
trast  threshold  for  the  human  observer  and  the  contrast  out  as 
well  as  the  Signal  to  Noise  out  has  a  significant  bearing  on  the 
ease  at  which  an  observer  can  detect  and  recognize  detail  in  a 
display.  It  is  often  possible  to  adjust  the  "contrast"  without 
noticeably  affecting  the  Signal  to  Noise  out," 


Lenses  and  mirrors  which,  are  non- integrating  devices 
have  a  DQE  given  by; 


This  follows  since  the  ideal  device  output  signal  is  now 
and  the  noise  is  (j^A)^  in  a  unit  time.  This  corresponds  to 
the  signal  to  noise  ratio  of  the  ideal  photodetector  improving 
as  the  well  known  function  of  the  square  root  of  its  area. 

Photoelectronic  devices  and  film  generally  include  some 
form  of  integration,  so  that  DQE)  as  expressed  in  Equation  7 
is  used  most  frequently. 

Output  signal  and  noise  can  be  recorded  in  various  forms, 
that  is,  in  terms  of  light  as  for  intensifiers  and  displays, 
as  a  voltage  across  a  load  resistor  in  a  coupling  network  as 
for  elemental  photoconductive  detectors,  or  current  as  ex¬ 
pressed  in  terms  of  beam  current  for  TV  type  camera  tubes. 

The  notation  used  will  express  output  signal  and  noise  for 
light  as  Lg  and  L^,  for  voltage  Vg  and  Vj^,  and  current  Ig  and 
Ijj,  respectively. 

In  the  sections  that  follow,  signal  to  noise  ratios  will 
be  examined  for  simple  models  of  devices.  These  in  turn  will 
be  used  to  calculate  their  DQE,  Apertures ,  windows  and  mirrors 
will  be  examined  first,  followed  by  photoelectronic  devices 
(Section  III),  Photoelectronic  imaging  devices  will  begin 
with  the  elemental  photoconductive  detector  followed  by  inten¬ 
sifiers  and  then  signal  generating  TV  type  pick-up  tubes. 
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passive  optics  can  be  said  to  be  non-integrating  de¬ 
vices,  They  do  not  convert  photons  to  electrons,  but  accept 
photons  and  redirect  them  to  form  an  image®,  Photoelectronic 
devices  such  as  detectors  and  intensifiers  have  their  perform¬ 
ance  governed  by  internal  electronic  carrier  lifetimes  t  in 
their  photosensor  and  phosphor  materials,  respectively.  The 
degree  of  Integration  depends  upon  r  and  increases  with  in¬ 
creasing  lifetime,  TV  type  signal  generating  tubes  have  an  in¬ 
trinsic  integration  requirement  identified  with  their  raster 
period. 

Associated  with  photogenerated  carriers  in  semiconductors, 
and  with  the  scanning  electron  beam  in  TV  type  tubes,  are  elec¬ 
tron  carrier  dynamics.  Lifetime,  displacement  and  motion  of 
carriers  symbolize  a  time  requirement  to  carry  out  their  mis¬ 
sion,  This  in  turn  results  in  a  limitation  of  device  frequency 
response,  less  than  that  anticipated  from  ideal  optics  and  a 
limiting  aperture.  Not  too  surprisingly,  difficulty  and  fail¬ 
ure  arise  in  evaluating  image  tubes  when  one  tries  to  oversim¬ 
plify  evaluation  and  apply  MTF  to  image  tubes  in  the  same  manner 
as  for  optics ,  in  part  because  carrier  dynamics  are  ignored. 

Film,  by  its  very  nature,  is  an  integrating  and  storage 

media, 

/ 

2.  Relationship  Between  DQE  and  MTF 

The  Modulation  Transfer  Function  is  normally  derived  from 
the  line  spread  function  by  use  of  the  Fourier  transform.  How¬ 
ever,  our  approach  will  be  to  make  use  of  a  sinusoidal  signal 
of  Infinite  extent  plus  a  constant  as  shown  in  Figure  2,  to 

^14 


establish  a  working  expression  of  MTF.  This  approach  simplifies 
the  ariv^iinetic  and  suffices  for  the  purposes  of  this  treatment. 
Accordingly,  MTF  is  defined  here  as: 


Peak  Signal  Output 
MTF  =  Background  Output 

Peak  Signal  Input 


(9) 


Average  Background  Input 

where  the  numerator  is  called  the  output  modulation  and  the 
denominator  the  input  modulation.  The  equivalence  of  this 
MTF  determined  as  noted  above,  to  that  derived  rigorously  from 
line  spread  functions  is  well  established.  It  is  treated  in 
detail  and  a  simple  manner  by  Levi®.  Reference  to  Figure  2 
give  s : 


V  -  V 
2  '^1 


MTF  = 


^2  -  Jl 


+  V 
2  '^1 


^2  '^l 


(10a) 


MTF  = 


^2  ■  ^1 
J2  - 


V„  +  V 
2  1 


SO 


;b 


(lOb) 


where:  Vg^  “  ^2  - 

'^SO  “  "^2  "  "^1 

'^B  “  ^'^2  *  '^i)/^  =  average  of  Input  Background 
^B  “  ^^2  *  ^i)/^  =  average  of  Output  Background 
Now  rewrite  Equation  7  in  the  form: 


DQE  = 


/  * 

ORD 

("so)' 


("b) 


("rms)-®'® 


1 

TA 


(11) 
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Inserting  Equation  10  into  11, 


DQE  =  (mTF)2  I 


’B 


B 


1 

TA 


RMS'  ORB 


where : 


^^RMS^  ORB  “  ^B 


(S.p) 


P-P ' ORB  =  V 


SO 


DQE  =  (MTF)®  -2  .  _i_ 
^  Jb  TA 


DQE  =  T1  (mTF)' 


where : 


Vg  =  71  JgTA 


(12) 


(13) 

(14) 


(15) 


Equation  14  is  a  remarkably  simple  relationship  and  offers  the 
opportunity  to  take  full  advantage  of  evaluating  devices  in  an 
absolute  manner  from  DQE  while  making  full  use  of  evaluation 
procedures  based  on  MTF.  True,  this  derivation  has  been  de¬ 
rived  on  the  simplest  of  concepts,  but  was  arrived  at  in  a  di¬ 
rect  manner  without  recourse  to  approximations.  It  was  assumed 
that  the  background  level  was  established  by  the  background 

(pr  noise)  from  the  incident  flux.  However,  the  relationship 
has  more  general  applicability  and  is  useful  in  other  noise 
limiting  conditions,  subject  to  the  inclusion  of  an  additional 

factor.  Thus  for  limiting  noise  cases  in  general.  Equation  14 
can  be  modified  to: 


<56 


DCfE  =  c11(MTF)  = 


(16) 


where  c  is  a  constant  whose  maximum  value  is  unity  for  the 
background  noise  limiting  case.  The  product  cT)  will  be  shown 
to  be  the  maximum  value  of  DQE  at  low  spatial  frequency  in  sub¬ 
sequent  sections  of  part  III, 

We  note  that  the  reason  for  this  particular  association 
lies  in  the  way  in  which  signal ,  background  and  noise  are  de¬ 
fined  in  DQE  and  MTF,  That  is,  in  DQE,  the  signal  is  defined 
in  terms  of  its  peak  to  peak  value;  and  in  MTF,  the  signal  is 
denoted  by  its  peak  value.  Further,  D(3F  uses  the  concept  of 
noise  which  is  defined  in  terms  of  its  RMS  value;  whereas  MTF 
uses  an  average  value  of  the  background  defined  in  terras  of 
the  minimum  and  maximum  values  of  signal.  Finally,  in  Equation 
11  we  inserted  the  complete  expression  for  the  signal  ratio  in 
teirms  of  MTF  from  Equation  10,  The  result  points  out  that  in¬ 
formation  pertaining  to  the  photosensors  quantiim  efficiency 
is  not  available  in  MTF,  whereas  DQE  has  the  advantage  of  in¬ 
cluding  both  T1  and  MTF,  It  is  not  a  serious  matter  for  optics , 
but  is  a  problem  in  application  to  photoelectronics, 

3,  Relationship  Between  DQE  and  NEP-D* 

Noise  Equivalent  Power  (NEP)  is  defined  according  to  the 
expression: 


where : 


NEP 


HA 

(^/N)rMS 


(17) 


H 

®RMS 


is  the  irradiance  at  the  detector  in  watts/cra® 

is  the  rms  value  of  output  signal  from  the  photode¬ 
tector 
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N. 


RMS 


is  the  rms  value  of  output  noise  from  the  photo¬ 


detector,  regardless  of  ^ ts  source 
A  is  the  area  of  the  detector  in  cm® 

Since  DQE  uses  the  signal^^p  to  noisoj^g  ratio,  Equation  1? 
can  be  rewritten  as: 


^P-P  _  HA 

^RMS  *707  X  NEP 

Substitution  of  18  into  Equation  7  gives: 


(18) 


DQE 


_ A _ 

(.707)^  X  NEP®  X  Hpjj.  T 


(19) 


where : 

*  irradiance  in  Photons/cm®  sec 
T  a  Device  time  constant 

This  derivation  assumes  that  the  input  signal  to  noise 
ratio  is  determined  by: 


p  “  Hpjj(  photons /cm®  sec) 


(photons/cm® sec) 
RMS  ' 


and  the  device  time  constant  is  the  integration  time. 

If  one  uses  the  relationship  between  irradiance  and  emittance 
expressed  in  watts  and  photon  flux: 


H 


Then  substitution  into  Equation  19  gives 


(20) 


H 


A 


X  T 


(21) 


Dqd  =  ^ 
0-A 


NEP 


(.707)' 


where : 


0"^^  Is  the  total  radiant  emlttance  from  the  unit  surface 
of  a  blackbody  in  terms  of  photon  flux  (photons /cm* 
sec),  extending  from  zero  wavelength  to  the  cut-off 
wavelength  of  the  photodetector, 

total  radiant  omittance  as  for  N.  ,  but 
sxpressed  in  power  density  (watts/cm®), 

DQE  can  be  calculated  for  the  photodetector  whose  specifi¬ 
cations  were  given  in  an  NOLC  data  sheet^®,  reproduced  as 
Table  I,  Noting  a  spectral  peak  of  1.5|i,  we  obtain  DQE  =  ,012 
or  1,2  percent  using 

®  1.57  X  10^®  photons/cm®sec 

*  2,187  X  10'®  watts/cm® 

“  7.7  X  10"®  watts/cm*  (RMS) 

NEP  =  X  10  watts  (RMS) 

A  =  2,25  X  10'®  cm® 

^  ~  8,1  X  10~®  sec 

Detectivity  Star  (d*)  is  defined  according  to: 


^  ^  s 

NEP 


(22) 
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Therefore : 


and 


^  »„att 

V  - - 

KMS  ,707  X  J  Af 


DQE 


2 


TAf 


D*® 


(23) 


=  2  X  J-»39x10~  X  7.7x10 


8,1  X  10  X  5 


X  (1.5x10®)' 


*  1.39  X  7.7  X  o 

8, 1  X  5  X  4 


X  10~® 


=  .012 

(24) 


Note  again  that  the  device  time  constant  has  been  used 

for  the  integration  time  in  the  definition  of  DQE,  as  in  Equa. 
tions  21  and  24, 


111.  Theoretical  Models 

A,  Apertures,  Windows  and  Mirrors 

Consider  the  case  of  a  circular  hole  cut  in  the  face 
of  a  mask,  illuminated  by  a  photon  test  pattern  described  by 
the  stationary  sinusoid  shown  in  Figure  2: 


*  J 


SO 


,27i:i(x/A) 


+  J 


21/2 


(25a) 


The  total  flux  from  this  stationary  pattern  passing 
the  hole  can  better  be  expressed  as; 


through 


(25b) 


where  ^21  ~  ^2  '^1 


For  a  circular  aperture  of  area  A,  this 


reduces  to; 

Js'  =  Jso  A®  ♦  ^  =  Jso  AS  +  Jg  A 


where  S  is  the  Bessel  function  given  by; 


S  =  Jq(z)  +  J^Cz) 


2Jj^(z) 

z 


(26) 


(27) 


'^l(^)  zero,  first  order  and  second 

order  Bessel  functions  respectively  of  argument  Z,  Accordingly, 
the  magnitude  of  transmitted  flux  comprising  signal  at  any  par¬ 
ticular  spatial  frequency  depends  upon  the  area  of  the  aperture 
and  the  Bessel  function  at  that  frequency.  This  funv'.tion,  of 
course,  is  what  one  would  expect  from  diffraction  theory  for 
a  circular  aperture,  and  is  different  for  apertures  of  other 
shapes . 

Supposing  now  that  the  circular  hole  is  replaced  by  a  cir¬ 
cular  disc  of  glass  with  a  transmittance  T  (A.),  The  flux  tiicit 
now  passes  through  the  glass  io 


J”  =  Tjg  =  TJggAS  t 


(28) 


Assuming  that  the  background  is  defined  by  the  constant  term, 
the  signal  (p— p)  to  noise  (RMS)  is  given  by; 


P-P 


N. 


RMS  /ORD 


J 


J21A 
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Z> 

KTt 


Substituting  in  Equation  8  for  the  Detective  Quantum  Efficiency, 


DQE  = 


T*  Jso°S° 


=  TS® 


(29) 


21 


A/2 


Thus  DQE  for  a  circular  plate  of  glass  is  its  transmittance 
multiplied  by  its  aperture  function  squared. 

The  case  of  a  circular  flat  mirror  dealt  with  as  above 
results  in: 


DQE  =  R  S® 


(30) 


where  ,.R  is  the  reflectance  of  the  mirror. 

Comparison  of  Equations  29  and  30  with  I4  and  16  reveals 

that: 

a.  the  transmittance  and  reflectance  respectively  are  the 
equivalent  of  quantum  efficiency. 

b.  the  aperture  function  is  equivalent  to  MTF. 

c.  the  constant  is  equal  to  unity. 

Lenses  and  mirrors  will  not  be  given  any  treatment  here 
since  their  MTE's  have  been  well  established  and  appear  in 
many  good  texts®. 

This  treatment  assumes  that  the  limiting  aperture  does 
not  affect  the  output  noise  spectrum.  In  effect,  this  is  the 
equivalent  of  assuming  that  the  mean  value  of  the  output  is 
constant,  while  peak  to  peak  signal  diminishes  with  increasing 
spatial  frequency.  The  same  assumption  will  be  made  for  the 
analysis  of  photoelectronic  imaging  devices. 
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B,  The  Elemental  Photoconduc tive  Detector 
The  photoconduc  tive  detector  is  the  simplest  photoelec- 
trcnic  device  that  can  be  used  to  illustrate  the  relationship 
between  DQE  and  H.  Signal  and  noise  relationship  for  the  back- 
ground  and  electronic  noise  limiting  oases  have  been  examined 
for  this  device  using  a  simple  model  comprising  an  intrinsic 

J  J.  1_  10 

detector  ,  in  which* 

(1)  Electron  and  hole  mobilities  were  taken  as  being 
equal , 

(2)  Noise  photons  cause  a  fluctuation  in  the  electronic 

carrier  density  through  the  generation  and  recombina- 
tion  process  I 

(3)  Each  photon  absorbed  created  two  carriers,  that  is, 
an  electron  and  a  hole. 

The  detector  is  shown  schematically  in  Figure  1  with  a 
transparent  electrode,  to  be  compatible  with  the  practice  for 

image  tubes.  Analysis  of  its  signal  and  noise  is  carried  out 
in  Appendix  A  (See  Equations  10,  24,  25), 

The  peak  to  peak  signal  current  is  given  by: 


P-P  ^  nd 


(31) 


where : 


Jgo  *he  peak  to  peak  photon  flux  (see  Figure  2) 

^b  bias  current 

^  is  the  photosensor's  intrinsic  quantum  efficiency 
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T  is  the  photoconduc tive  time  constant  taken  equal 
to  the  recombination  lifetime  for  electrons  and 
holes 

n  is  the  equilibrium  density  of  electrons  in  the  detector 
d  is  the  thickness  of  the  detector 
(0  is  equal  to  2nf 
f  is  the  video  frequency 

l)  Case  of  the  Photon  (Background)  Noise  Limited  Detector 
The  peak  to  peak  signal  to  RMS  noise  ratio  reduces  to 


(32) 


vhere : 

J  is  the  mean  value  of  the  background  flux  (see  Fig.  2) 
B 

I  is  the  output  noise  current  due  to  background  flux 
BN 

A  is  the  detector  area 
Af  is  the  bandwidth 

Substituting  this  into  the  numerator  of  Equation  7  gives; 


T  "^f 


(33) 


The  integration  time  T  can  be  related  to  detector  time  constant 
T  by  T  =  Kt,  where  K  is  a  constant  of  proportionality.  Ac¬ 
cordingly, 


DQE 


T1 

KT/^f 


(34) 


2)  Electronic-Shot  Noise  Limited  Condition 

Normally  photoconduc tive  detectors  are  not  limited  by 


shot  noise,  but  by  Johns 


on  or  excess  noise.  It  can,  however, 
appear  aa  a  limiting  noise  for  a  back-biased  Junction  photc- 
detectcr,  operated  in  the  phctcccnductive  mode,  or  from  non- 
ohmic  contacts  applied  tc  a  phctcccnductcr.  Expressions  for 
the  Signal  tc  noise  ratic  and  DQE  for  this  limiting  case  will 
be  given  here  because  first,  it  serves  as  an  example  of  noise 
independent  of  frequency,  and  secondly,  can  be  compared  later 

With  the  expressions  for  return  beam  image  tubes  (which  can  be 
Shot  noise  limited). 

Shot  noise  is  current  dependent,  such  that: 


^4  =  2  q 


(35) 


where : 


is  the  bias  current 

is  the  mean  square  fluctuation  in  the  current 
q  is  the  charge  of  the  electron. 

The  peak  to  peak  signal  to  RMS  noise  racio  is: 


_^P-P  ^  J 

^ShN  "  ®  (36) 


where : 

^ShN 

“^b  "  ^b/^  current  density 

E  l/  y'^+(ur)  is  an  electronic  roll-off 
n  =  equilibrium  density  of  carriers  in  the 


function 
crys tale 


The  Detective  Quantum  Efficiency  is  derived  by  inserting 
Equation  36  into  Equation  7  to  get; 


DQE 


ShL  KT^f 


[t|T|‘]  e* 


(37) 


and  Tl' 


n^d^Q 


(38) 


3«  Conclusions 

DQE  in  Equation  34  and  ^QEgjj^  in  Equation  37  are  both 
proportional  to  T), 

equal  to  T)  when  KrAf  =  1,  Thus,  when  DQE^^  is 

BL 

measured  for  a  photodetector,  its  maximum  value  will  be  T]  for 
KrAf  -  1,  The  latter  can  be  assured  by  adjusting  the  bandwidth 
of  the  measurement.  K  is  a  constant  for  any  one  detector  which 
depends  on  the  electronic  mechanisms  involved  in  photoresponse. 
For  example,  a  single  carrier  photoconductor,  or  the  omission 
of  recombination  in  back-biased  photodetectors,  or  more  thaii 
oner,  would  affect  the  value  of  K.  Since  11  can  be  obtained 
from  an  independent  measurement,  the  constant  K  could  be  evalu¬ 
ated  after  measuring  DQE^j^  and  r  for  some  selected  Af.  This 
might  well  help  identify  electronic  processes  responsible  for 
device  performance. 

For  our  intrinsic  model,  DQE^^^  =  21],  if  K  =  1  and  2TAf  =  1. 
This  results  from  our  assuming  that  two  countable  carriers  (an 
electron  and  a  hole)  were  generated  per  absorbed  photon.  Un¬ 
fortunately,  practice  is  far  less  fortunate. 


A  comparison  between  the  background  and  shot  noise  limited 
condition  can  be  made  most  easily  at  low  frequencies  where  E  =  1. 

the  shot  noise  limit  to  reduce  to  the  background 

limited  case,  the  factor  [nV]  must  equal  unity.  An  idea  of 

the  magnitude  of  T]'  can  be  fnurtH  k 

can  be  found  by  using  as  representative 

numbers  J  ^  iqIs  photons/cm^.  I  =  lo' ^  . 

b  /  m  ,  1^  10  amps,  n  =  10^ *  elec- 

trons/oo,  d  =  lo-om,  A  =  lo-om=,  =  lo-c 

q  1.6  X  10  ®  coulombs.  Substituting  in  (38)  gives  1]'  =1/8 
Aesuming  an  1,  of  unity,  then  V  would  have  to  be  improved  by  ^ 
a  factor  of  8  to  achieve  the  background  limited  condition. 

This  could  be  done  by  any  combination  of  increasing  „  . 

Jgf  or  decreasing  n  and/or  d. 

principally  dependent  on  the  quantum  effi¬ 
ciency  of  the  photosensor,  and  is  eoual  in  H 

,  etna  IS  equal  to  7]  when  the  bandwidth 

Of  the  measurement  is  set  so  that  K.Af  .  i.  when  white  elec- 
tronlc  noise  such  as  shot  noise  exceeds  photon  induced  noise, 

factor  E  appears.  This  roll  off  function  has 

a  maximum  value  of  un-i  -tv 

unity,  decreasing  with  increasing  frequency 

and  reduces  the  effective  bandwidth  of  H,  • 

cinawiath  of  device  usefulness. 

C.  Intensifiers 

The  intensifier  is  an  imaging  device  which  provides  a 
-dhal  x„  the  form  of  light  output,  rather  than  an  electrical 
Signal  as  from  the  photoconduotor.  Bitrther,  the  light  output 
-  generated  during  the  recombination  of  carriers  in  the  phos¬ 
phor,  and  is  characterised  by  the  luminescence  decay  time  r 
In  an  early  paper  a  model  of  the  phosphor  was  assumed  to  be 
intrinsic  for  carrier  generation  and  recombination*.  This 


t- 


8 


'I  y 
J 


permitted  close  comparison  with  the  photoconductive  detector 
discussed  in  Section  IIIB.  The  analysis  is  given  in  Appen¬ 
dix  B  (see  Equations  11,  Ij,  16).  It  led  to  the  peak  to  peak 
signal  given  by; 


f  (39) 

Where  is  the  average  photon  energy  in  light  emission 

and  all  other  factors  are  the  same  as  for  Equations  26  and  31, 
Noise  appears  in  the  light  output,  and  can  be  the  result 
of  background  photons  or  dark  current.  In  either  event,  it 
is  manifested  in  the  light  output  as  a  fluctuation  in  the  re¬ 
combination  process  and  given  by: 

(W) 


for  the  background  noise  limiting  case. 

The  peak  to  peak  signal  to  RMS  noise  ratio  was  then  found 
to  be ; 


(41) 


where  S  is  the  aperture  function  noted  earlier  in  Equation  27, 
which  for  a  circle  is  given  by  the  sum  of  the  two  Bessel 
functions , 


s  =  Jq(Z)  +  JjCz) 

A  =  intensifier  surface  area 
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Substituting-  in  Equation  7  gives: 


DQE  =  -J^n- 
^  2T/\f 

(42) 

For  the  case  where  2TLf  =  !• 

DQE  =  Tlsa 

(43) 

e  factor  S  distinguishes  the  areal  device  from  the  ele¬ 
mental  detector.  Thus  is  at  best  given  hv  the  uuantue.  ef- 

fxcrency  of  the  combined  Photosensor-phosphor  layer.  „o„- 

ever,  it  rolls  off  with  increasinir  f-v. 

increasing  frequency  in  a  manner  as- 

eociated  with  the  shape  of  the  limiting  aperture,  for  siM- 

Pl-ity.  this  treatment  has  not  included  the  roll  off  factor 

caused  by  electron-optics,  which  could  be  included  easily 
When  treated  as  an  ideal  lens. 

Reference  to  K^uations  1,  and  16  reveals  that  the  ihnction 

s  IS  nothing  more  than  the  device  MTF 

vice  Mil-,  and  the  constant  is 

eiven  by  l/ar.i.  s  and  S=  are  plotted  in  figures  3a,  3b,  , 

for  intensifier  areas  other  than  circular,  or  for  non-unifore. 

electron  flow,  the  fhnction  S  will  be  different,  for  a  real 

device,  it  wculd  undoubtedly  be  modified  by  the  MTP  of  the 
elec  t r on- op  tics, 

D.  Signal  Generating  "Pick-Up"  Tubes 

These  tubes  were  examined  for  their  dependence  on  fac- 
e  ning  device  performance''  and  reviewed  in  Appendix  C 
(see  Equations  3I,  34,  36  for  signal  to  noise  ratios  below). 

1.  Background  Limited 

Theoretical  analysis  predicts  that  for  the  background 


noise  limited  condition  the 


signal  to  noise  ratio  is  given  by: 


(44) 


This  expression  applies  when  the  test  pattern  is  stationary, 

and  is  limited  to  its  maximum  value  obtained  at  low  spatial 
frequencies.  Here: 

r  =  area  of  a  resolution  element 

T  =  integration  time 

T  -  dwell  time  on  a  resolution  element  of  the  read-out 
beam 

Y  =  slope  of  log/log  plot  Ig  vs.  photon  flux  irradiating 
photocathode 

S  =  the  aperture  function,  and  depends  on  the  distribution 
of  electrons  in  the  electrom  beam  at  the  storage  sur¬ 
face.  For  a  uniform  distribution  of  electrons, 
through  a  focal  circle  area,  S  is  given  by  the  Bessel 
function  found  in  Equation  27,  that  is  S=J^{z)  + 
and  all  other  factors  have  been  identified  in  Equation  31.  The 
gain  of  a  target  does  not  appear  here  since  it  responds  equally 
to  photoelectron.,  generated  by  signal  and  noise  photons.  Clearly 
the  signal  to  noise  ratio  improves  as  the  square  root  of  the  area 
of  a  resolution  element  and  of  the  integration  time.  This 
improvement  with  area  is  that  commonly  experienced  with  ele¬ 
mental  photodetectors  and  denotes  a  principal  advantage  of  large 
area  devices.  For  a  constant  number  of  resolution  elements,  an 
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increasing  value  for  r  reaulT^^^  i 

quires  larger  diameter  pick  nr,  + 

The  dwell  PiC-it-up  tubes, 

T  and  bandwidth  Af  are  off.,  +  +  ^ 
that  small  T  requires  ,  °"=ettl„g  factors,  i„ 

equlres  larger  4f  and  vice  versa. 

DQE  can  be  evaluated  for  tho  k  , 

-om  ..nations  „  and  r  to  Oe, 


w  'nc;3  J  (i*Y) 

DQE„  =  J|S 

2TAf  *  s  TlS** 


(^5) 


Tor  the  case  where  2TAf  =  Y  =  i 


2.  Johnson  Noise  Limited 

An  appraisal  may  be  obtained  for  the  dob 
limited  condition  ■  Johnson  noise 

ditron  imposed  by  the  load  resistor  tb 
Plifier  or.  +11  .  esistor,  the  pream- 

eir  combination.  This  signal  to  t 
ratio  thus  is  given  by, 


Here : 


^=^2S2  (f)i  JsoV 

JN  -J=Z 

V  .TIM 


(46) 


®  “  tunget  gain 


IdN  -  output  noise  current  (RMS)  caused  by  the  dchnson 
noise  sources 

■»dN  =  -an  souare  fluctuation  value  of  current  flow  per 

unit  bandwidth  Induced  by  dchnson  noise  generated 

the  load  rGsi  Q+n-t-  j 

tor  and  preamplifier 

and  1  ^  os  defined  m  Equation  36 

n  all  other  quantities  are  the  same 

the  same  as  for  Equation  I,),. 


now  Improves 


The  signal  to  noise  ratio 


area  o.  a  resoXut. 

results  from  using  a  shorter  dwell  f 
better  preamplifiers  with  reduoed  dohnson  no¬ 
tations  In  these  dlreotlons  h 

^e^lrements  and  the  state  o’f  ZI:  J  ^ 

order  for  the  Joh  P-eampllfiers.  I„ 

Johnson  noise  limited  condition  to  a 

background  limited  condition  it  la  ”  “*" 

»  it  IS  necessary  that: 


^/  TlJ^rT  = 


U7) 

assuming  for  simplicity  2TAf  =2  Th* 

that  the  RMS  number  of  elect  '  ^  statement 

..  lectrons  stored  on  the  target  dur- 

the  integration  time  T  must  eRual  the  n 

quai  the  number  of  ftior.-*. 

orated  from  Johnson  noise  sources  d  •  “ 

DOE  f  .  tto-o  T. 

for  the  Johnson  noise  llmltlne- 

xng  C3.s@  b6coni0s 

Equations  i,6  and  7)5 


'n^Jr,rTG® 

DQE  =  - g- 


•  -  S^E^ 


(48) 


Eor  simplicity,  assume  Y  =  2TAf  =  1 

noise  limited  condition,  DOF  h 

becomes; 


so  that  in  the  Johns( 


where 


T)  ”  =  JN 


(49) 


(50) 


When  the  condition  of  Eauation  >i7  t 

ii^quation  47  is  met,  Johnson  noise  reduces 

to  background  noise  and  DQE  increases  to  its  maximum  value, 

that  is,  DQE  =  T)  s’e”  and  DQE  =  1|  for  frequencies  sufficiently 

low  such  that  S  «  E  a,  1.  The  functions  E  and  E=  are  illus- 

trated  in  Figures  3a,  3b  and  5. 

3.  Beam  Shot  Noise  Limited 

Return  beam  tubes  such  as  image  orthicons  and  image  iso- 
cons  and  SEC  (when  used  with  return  beam)  can  be  shot  noise 
limited.  The  signal  to  noise  ratio  becomes: 


=  -G2eX_  .  (SJ  .  is/ 
ShN  yaTSf 


6E 


(51) 


Here  the  new  factors  are: 


^ShN  "  output  shot  noise  current  (rms)  caused  by  beam 
current 

Ib  =  beam  current  (mean  value) 

and  we  note  the  linear  improvement  with  target  gain,  resolution 
area  and  integration  time.  The  gain  of  the  multiplier  dees  not 
appear  since  it  acts  equally  on  signal  and  noise.  Similarly, 
as  for  the  Johnson  noise  limited  condition,  improvement  re¬ 
sults  from  using  smaller  dwell  time  and  reducing  noise  current, 
which  is  due  to  beam  current.  Limitations  that  prevail,  how- 
ever,  are  caused  by  the  requirements  of  bandwidth  and  beam 


current  signal  carrying  capacity  respectively.  The  shot  noise 

limited  condition  reduces  to  the  background  limited  condition 
when: 

G  yiUgrT  = 

This  is  also  nothing  more  than  the  statement  that  the  RMS 
number  of  electrons  replaced  in  a  storage  target  during  dwell 
time  T,  is  made  equal  to  the  RMS  number  of  photoelectrons 
generated  from  the  incident  background  photon  flux  irradiating 
the  resolution  area  r  during  integration  time  T  multiplied  by 
the  gam  of  the  target.  The  multiplier  gain  follows  and  is 
sufficient  to  raise  the  shot  noise  to  a  level  above  that  of  the 
Johnson  noise  without  significant  degradation  of  the  signal  to 
noise  latio.  ¥e  note  again  the  importance  of  reducing  and 
T  while  increasing  T],  T,  G  and  r. 

DQE  can  be  derived  for  this  condition  from  Equations  7 
and  51  to  be: 


DQE 


ShL 


Tl®  J^rTG® 
S-r^Af  I^q 


S®E® 


J 


SO 


TiTYJ 


(53) 


which  can  be  expressed  in  the  form: 


DQE 


ShL 


=  T1  (^)  s®E® 


where  T]'''  )  T],  2TAf  =  Y  =  1. 
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JgrTG^ 


(5!|) 


(55) 


T]'*!  = -  beat.1  electrons  on  target  during  T _ 

backgi’ound  flux  generating  target  charge  in  r  during  T 

When  the  condition  of  Equation  52  is  met,  beam  shot  noise  re¬ 
duces  to  background  noise  and  DQE  increases  to  its  maximum 
value,  that  is  DQE  =  7]  S^E^  This  can  be  further  maximized 
at  low  frequencies  where  S  Ri  E  1,  so  that  DQE  =  T\, 

For  the  case  where  the  electron  beam  focused  at  the  charge 
storage  surface  determines  the  area  of  a  resolution  element, 
then  and  Equation  51  reduces  toj 


.  (32)+ 

ShN  JzTKf  '*■ 
and  Equation  54  reduces  toj 


(56) 


S®E® 


S®E® 


(57) 


The  result  is  that  the  signal  to  noise  ratio  is  dependent  on 
the  square  root  of  r,  and  DQE  is  independent  of  the  size  of 
the  resolution  element  area. 


k»  Conclusions 

a.  Impact  of  aperture  and  electronic  functions 

For  any  imaging  device,  an  aperture  function  defines  the 
best  performance  that  can  be  achieved  as  a  function  of  spatial 
frequency.  In  all  noise  limiting  cases,  the  signal  to  noise 
ratio  is  proportional  to  an  aperture  function,  and  DQE  is 


proportional  to  its  value  squared.  Functions  considered  here 
in  addition  to  S  for  a  circular  limiting  aperture  are  for 
an  electron  beam  characterized  by  a  Gaussian  distribution,  and 

for  an  electron  beam  characterized  by  a  cosine  squared  dis¬ 
tribution.  The  functions  R^  and  and  their  squares  are 
shown  in  Figures  3a,  3b,  6  and  7. 

All  photoelectronic  devices  suffer  a  roll-off  defined  by 
the  function  E,  when  limited  by  any  noise  other  than  from  pho- 
tona.  This  function  does  not  have  a  counterpart  in  optics, 
and  has  its  origins  in  the  generation,  lifetime,  storage  and 
motion  Of  electrons  that  are  not  associated  with  photon  genera¬ 
ted  electrons.  The  factors  E  and  appear  in  the  signal  to 
noise  ratio  and  DQE  respectively,  for  devices  limited  by  John¬ 
son  and/or  shot  electronic  noise.  This  type  function  is  well 
known  for  elemental  photodetectors.  However,  experiments  have 
yet  to  be  carried  out  to  delineate  aperture  and  electronic 
response  curves,  so  that  the  existence  of  E  for  imaging  de¬ 
vices  has  yet  to  be  confirmed  experimentally.  E  and  E=  are 
Shown  in  Figures  3  and  5  respectively. 

The  effect  of  all  these  functions  depends  upon  the  size 
of  a  resolution  element.  A  series  of  plots  are  shown  in  Fi¬ 
gures  4,  5,  6  and  7,  showing  their  squ.-.res  as  a  function  of 

spatial  frequency  for  resolution  elements  of  different  dia¬ 
meters  . 

When  a  device  is  electronic  noise  limited  then  the  func¬ 
tion  E  exists  and  multiplies  the  appropriate  aperture  function 


to  get  the  theoretically  limiting  characteristic.  Examples 
are  shown  in  Figures  4,  6  and  7  for  ,  E^R^  and  E^S^, 

b.  Impact  of  quantum  efficiency 

One  notes  in  background  noise  limited  cases  for  all 
devices  that  the  signal  to  noise  ratios  are  all  dependent  on 
the  square  root  of  the  quantum  efficiency,  and  that  DQE  is 
linearly  dependent  on  T],  In  the  cases  of  Johnson  and  shot 
noises,  it  was  noted  that  the  signal  to  noise  ratio  was  lin¬ 
early  dependent  on  T|,  and  that  DQE  was  proportional  to  T|®, 

It  was  also  found,  however,  that  DQE  could  be  further  expressed 
in  the  form  DQE  'H"  has  a  value  greater  than  1] 

and  is  a  reflection  of  more  noise  electrons  being  generated 
during  read-out  than  photogene rated  and  stored  electrons. 

When  T|”  can  be  reduced  to  1],  then  DQEaT|, 

Stress  will  be  made  here  on  the  impact  of  the  photosen¬ 
sor's  quantum  efficiency  on  imaging  device  efficiency  at  higher 
spatial  frequencies.  In  recent  years  there  has  been  consider¬ 
able  improvement  in  high  gain  targets,  to  the  extent  that  the 
zeal  for  continuing  to  strive  for  improvement  in  the  photo¬ 
sensor's  quantum  efficiency  has  waned.  Examination  of  Equa¬ 
tion  45  reveals  that  DQE  improves  linearly  with  the  photosen¬ 
sor's  quantum  efficiency  and  does  not  include  the  factor  of 
gain.  Once  enough  gain  is  included  in  the  device  to  have  back¬ 
ground  noise  predominate  over  shot  or  preamplifier  noise,  ad¬ 
ditional  gain  provides  little  or  no  benefit,  and  is  no  longer 
a  factor  in  improving  device  performance.  The  impact  of  fur¬ 
ther  improvement  in  T] ,  however,  continues  to  be  most  significant. 


Reference  to  Fi^aire  8a,  which  is  a  plot  of  Equation  k5 
for  three  different  efficiencies,  illustrates  that  there  is 
not  only  a  linear  increase  of  DQE  at  low  spatial  frequencies, 
but  that  there  is  a  tremendous  improvement  throughout  the 
spectrum,  with  limiting  resolution  determined  by  the  aperture 
function  S.  One  normally  does  not  think  of  DQE  in  these  terms. 
However,  if  there  is  a  full  realization  that  this  function  can 
present  the  fraction  of  incident  photons  that  is  transmitting 
useful  information  at  all  spatial  frequencies,  then  its  ap¬ 
plication  becomes  far  more  useful.  For  example,  with  T]  =  50°/o, 
DQE  at  low  spatial  frequencies  has  the  same  value;  it  rolls  off 
to  half  as  many  photons  being  recorded  at  Z/k  =  ,5;  only  one 
quarter  of  the  incident  photons  are  transmitting  information 
at  Z/k  =  .7*  For  a  resolution  element  of  diameter  i  =  10 
microns ,  this  corresponds  to  spatial  frequencies  of  50  and  70 
>^p/mm,  respectively.  Comparison  between  the  background  limi¬ 
ted  curves  clearly  reveals  the  advantage  gained  from  improve¬ 
ment  in  T]  out  to  the  limiting  resolution  defined  by  the  aper¬ 
ture  function. 

When  beam  shot  or  preamplifier  Johnson  noise  limited,  the 
impact  is  more  dramatic.  As  shown  in  Figures  8a  and  8b,  roll 
cff  occurs  more  rapidly  because  of  the  effect  of  the  electronic 
function  E.  Clearly,  increased  T1  provides  significantly  im¬ 
proved  performance  with  spatial  frequency. 

c.  Impact  on  DQE  and  MTF  of  efficiency  and  frequency 

The  relationship  between  MTF  and  DQE  was  first  illus¬ 
trated  by  Equation  I4.  Subsequent  analysis  revealed  that  various 


functions  (aperture  and  electronic)  could  be  derived  to  pre¬ 
dict  the  roll-off  of  DQE  with  frequency.  These  functions  then 
proved  to  be  the  equivalent  of  theoretical  MTF»s  that  would 
prevail  for  ideal  models.  Thus  MTF  is  identified  with  the  roll 
off  functions,  that  is  S,  R^,  and  their  products  with  E, 

Next  most  important  is  to  examine  the  predictions  of  sys- 
,tem  performance  based  in  MTF  and  DQE.  It  is  well  known  that 
evaluations  based  on  MTF  have  deteriorating  value  when  the  sys¬ 
tem  is  noise  limited.  It  is  hoped  that  using  DQE  in  the  manner 
customary  for  MTF  will  eliminate  the  limitations  of  MTF  and 
provide  an  improved  technique  for  predicting  system  performance. 

Consider  an  optical  system  comprising  three  glass  discs; 
the  first  had  a  transmittance  of  100°/o,  the  second  50°/o  and 
the  third  25  /o.  The  MTF  of  each  glass  disc  is  S,  and  the 
system  MTF  is  S® ,  DQE,  howe-zer,  involves  efficiency,  and 
thus  for  each  disc  is  S® ,  and  ,25S^  respectively.  The 

system  DQE  is  their  product,  given  by  ,125(S®)®,  which  is  shown 
in  Fig,  9a,  The  system  (mTF)®  and  (MTF®)®  is  also  shown  for 
comparison.  Clearly  the  presentations  are  markedly  different, 
MTF  would  lead  to  very  bright  predictions  compared  to  DQE, 
Unmistakably,  DQE  runs  out  of  useful  spatial  spectrum  before 
MTF,  The  degree  of  usefulness  for  high  spatial  frequencies 
depends  next  on  irradiance  and  the  DQE  of  the  photon  receiver. 
The  plot  of  DQE  reveals  that  at  best  the  glass  system  transmits 
only  12,5  /o  of  the  incident  radiation,  with  a  decreasing  value 
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for  increasing  frequency.  These  curves  can  be  replotted  as  a 
function  of  spatial  frequency,  as  in  Fig.  9b.  Here,  assuming 
a  value  of  /  =  10  microns,  for  illustration,  gives  the  cor¬ 
responding  curves, 

A  more  realistic  appraisal  might  be  obtained  using  an  x- 
ray  intensifier  whose  efficiency  is  assumed  to  be  about  50°/o , 
coupled  to  an  ideal  lens,  and  to  a  TV  tube  with  a  photocathode 
efficiency  of  25°/°.  Assume  further  that  the  intensifier  has 
a  limiting  aperture  function  given  by  S,  that  the  lens  can  be 
represented  by  the  MTF  for  an  ideal  lens,  and  that  the  TV  tube 
is  limited  in  resolution  by  its  beam  wliich  has  a  Gaussian  dis¬ 
tribution,  Thus  plots  obtained  from  Figures  4  and  6  can  be 
shown  with  the  MTF®  for  an  ideal  lens  as  in  Fig,  10a,  These 
curves  assume  that  the  intensifier  has  a  resolution  element  of 
50  microns,  and  the  pick-up  tube  of  10  microns.  Fig,  lOb  illus¬ 
trates  the  resultant  systems  plots  for  MTF  and  DQE  as  a  func¬ 
tion  of  spatial  frequency, 

d.  Impact  of  resolution  area,  integration  and  gain 

The  effect  of  increasing  the  area  of  a  resolution  ele¬ 
ment  in  all  noise  limiting  cases  is  to  improve  the  signal  to 
noise  ratio.  This  improvement,  hovrever,  is  traded  off  for  fre¬ 
quency  response  because  of  the  more  rapid  roll  off  in  S ,  R  and 
E,  The  signal  to  noise  ratios  are  proportional  to  the  ijr  for 
all  devices,  when  the  noise  source  is  from  photons  or  generated 
electronically  within  the  device.  For  external  noise  sources 
such  as  Johnson  noise  from  coupling  circuitry  or  preamplifiers. 
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This,  when  done  with  an  appropriate  test  pattern,  can  give  di¬ 
rectly  DQE  vs,  spatial  frequency. 

Equally  valid,  however,  is  a  second  approach  making  use 
of  MTF,  The  task  here  is  to  evaluate  DQE  at  its  maximum  value 
for  zero  frequency.  This  evaluation  automatically  provides 
the  product  CT]  noted  in  Equation  16,  which  when  multiplied  by 
(MTF)®  gives  DQE  vs,  spatial  frequency. 

The  test  facility  at  URI  is  being  set  up  to  evaluate  DQE 
versus  spatial  frequency  for  TV  type  tubes.  The  experimental 
program  comprises  the  following  measurements, 

A,  The  Measurements  Program 
1,  Signal  and  Noise  Input 

This  involves  using  a  blackbody  or  standard  lamp  to 
irradiate  a  bar  pattern  mask  covering  the  face  of  the  tube. 

The  bar  patterns  provide  a  square  wave  test  pattern  whose  fre¬ 
quency  depends  upon  the  width  of  the  bars,  Irradiance  through 
the  bars  provides  a  precisely  determined  input  photon  flux, 
with  input  signal  given  by  its  mean  value,  and  input  noise  by 
the  square  root  of  the  mean  value.  Present  technology  for 
cutting  bars  in  a  mask  suggests  that  nasks  giving  spatial  fre¬ 
quencies  of  at  least  6  /p/mm  are  possible.  Beyond  these  fre¬ 
quencies,  it  appears  necessary  to  use  a  lens  to  image  a  test 
pattern  on  the  face  of  the  tube.  This  requires  a  lens  whose 
MTF  and  DQE  are  precisely  known,  so  that  the  irradiance  on  the 
face  of  the  tube  from  an  imaged  bright  bar  can  be  precisely 
determined. 


2.  Signal  and  Noise  Output 

peak  to  peak  signal  output  is  being  measured  in 
t.™  ways,  both  a  oonsidorable  improvement  over  conventional 
methods.  The  first  is  an  analog  method  and  uses  a  box  car 
integrator.  A  digital  technique  has  also  boon  devised  which 
was  intended  for  a  precise  measurement  of  IIMS  noise.  However, 
it  has  also  proven  to  be  an  excellent  device  for  making  accur¬ 
ate  measurements  of  peak  to  peak  signal.  Both  techniques  are 
described  and  their  performance  evaluated  in  Appendix  D.  which 
is  a  paper  recently  given  at  the  Fifth  International  Symposium 
on  Photoelectronic  Imaging  Devicesii.  Assuming  that  the  noise 
spectrum  is  flat,  the  RMS  value  obtained  above  coupled  to  the 

peak  to  peak  signal  measurements,  provides  the  most  accurate 

niG thod  to  dato  of  j-i- 

of  getting  the  signal  to  noise  ratio,  under  se- 

vere  noiso  limiting  conditions. 

3.  Determination  of  DQE,  Signal  and  Noise  as  a  Function 
of  Spectral  Wavelength 

A  spectrophotometric  apparatus  has  been  established  at 
URI  capable  of  providing  a  measurement  of  signal  versus  1  lead¬ 
ing  to  a  calculation  of  DQE(l).  This  measurement  will  be  under¬ 
taken  im„.ediately  after  the  systems  described  in  both  1  and  2 
above  are  operational, 

4.  The  Computerized  Program 

In  addition  to  the  measurements  noted  in  1  and  2  above, 
the  test  set  is  being  coupled  to  a  PDP-9  computer  (see  Appen¬ 
dix  D).  The  purpose  of  this  arrangement  is  to  have 


purpose  of  this 


a  facility 


which  will  accept  data  on  signal  to  noise  input,  with  signal 
and  noise  output,  and  provide  a  user  with: 

1,  Signal  vs,  spatial  frequency 

2,  Noise  vs,  spatial  frequency 

3,  The  output  signal  to  noise  ratio 

4,  DQE  as  a  function  of  spatial  frequency. 

This  information  is  to  be  provided  generally  in  terms  of  input 
photon  flux.  However,  the  computer  is  being  programmed  to  pro 
vide  information  converted  to  photometric  or  radiometric  units 
when  applicable  and  requested.  The  noise  evaluation  will  have 
additional  importance  in  that  it  provides  an  opportunity  to  de 
termine  if  the  noise  spectrum  is  really  flat. 
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APPENDIX  A 


The  Photoconduc tive  Detector 


This  device  was  analyzed  in  a  paper  by  S.  Nudebnan  in  Applied 
Optics  1,  627  (1962),  of  Which  parts  I  and  II  are  reproduced  below. 
Changes  in  the  reproduction  have  been  made  to  accord  with  the  no¬ 
tation  and  the  model  used  throughout  the  paper.  In  particular, 
signal  current  is  derived  and  used  here  rather  than  voltage.  This 
is  to  conform  with  expressions  derived  for  signal  generating  tubes 

in  Appendices  B  and  C, 

\ 

I,  Introduction 

The  purpose  of  this  article  is  to  present  a  review  and  an 
analysis  of  the  factors  involved  in  determining  the  capability  of 
semiconducting  photodotectors  to  detect  radiation. 

By  1953,  considerable  information  on  theimal  detectors, 
photoemissive  devices,  and  photographic  film  was  available,  to 
the  extent  that  Jonos^  was  able  to  present  a  detailed  accounting 
of  the  "state  of  the  art".  In  addition,  he  was  able  to  ascertain 
consistent  patterns  of  detector  behavior,  to  formulate  a  system 
of  detector  classification,  and  to  propose  figures  of  merit, 
semiconducting  photodetectors  were  in  the  early  stages  of  their 
development  and  it  was  possible  to  include  only  some  of  the  pre¬ 
liminary  information  on  lead-compound  detectors  in  the  report. 
Since  that  time ,  considerable  effort  has  been  expended  toward  the 
development  of  background-noise-llmited  infrared  detectors,  and  to 
the  understanding  of  the  basic  physical  mechanisms  responsible  for 


their  performance.  G-R  (generation- recombination)  noise  was  un¬ 
covered  as  a  limiting  fundamental  process,  while  the  role  of  shot 
noise  in  p-n  junction  detectors  was  ascertained.  Excess  or  l/f 
noise  received  intensive  study,  and  significant  reduction  of  this 
noise  was  achieved  in  the  development  of  most  photodetectors. 
However,  its  properties  still  remain  to  be  organized  and  explained 
theoretically.  The  concept  of  detectivity-star  (D*)  was  introduced 
by  Jones^  to  provide  a  numerical  rating  for  a  detector.  This  con¬ 
cept  has  proven  useful,  and  on  the  basis  of  recent  measurements 
appears  to  be  fully  applicable  to  semiconducting  photodetectors. 
With  the  accumulation  of  this  wealth  of  new  information,  it  is  now 
fruitful  to  present  a  re-examination  of  the  mechanisms  involved  in 
photodetection  and  to  derive  expressions  for  the  noise  currents 
appearing  at  the  output  of  the  detector  for  the  various  noise- 
limited  conditions. 

II.  The  Photoconductive  Detector 

The  solid-state  quantuiu  detector  absorbs  electro-magnetic 
radiation  (or  photons)  and  generates  from  this  absorption  addi¬ 
tional  free  charge  carriers.  The  mechanisms  of  this  process  re¬ 
quire  that  the  quantum  of  energy  associated  with  the  photons 
(E  ^  =  hc/\)  be  greater  than  some  critical  energy  corresponding  to 
allowed  transitions  between  the  conduction  band,  the  valence  band 
and/or  a  discrete  energy  level  in  the  enorgy-gqp  region  of  the 
semiconducting  detector.  This  process  is  carried  out  without  any 
significant  temperature  change.  The  additional  carriers  that  are 
generated  appear  in  a  form  suitable  for  measurement  as  a  voltage 

or"  a  current. 
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The  photoconductlve  detector,  which  is  the  „  ,  e 

*  xij.cn  IS  the  only  device  that 

will  be  discussed  here,  is  G-ereran^.r  r,  j 

generally  operated  with  the  simple  cir¬ 
cuitry  of  Fig.  1.  The  bias  current  fl  Wn 

current  through  the  detector  is 

given  by: 


1,  =  - 1 - - 

b  r  +  r 

L,  C 


where : 


^  bis-s  battery  voltage 
~  load  resistor 

r,,  =  resistance  of  the  photoconductive  detector 
C  “  coupling  capacitor 

The  Si.„ai  eurrent  is  the  variation  in  current  flow  through  the 

-tector  caused  hv  chan.es  in  r^ .  when  the  detector  is  exposed 

to  radiation.  Therefore,  by  taking  the  differential  of  E<,ua- 
tion  (l): 

Is  =  Mh  =  -  — .  ‘^’^c 

"l  *  '•c  -L  *  (2) 

The  Change  in  resistance  is  due  to  the  change  in  the  nun, her 
o  barriers  created  by  the  absorption  of  signal  photons.  for 
t-  simplest  kind  Of  analysis,  consider  here  the  case  of  the  in. 
trinsic  Photoconductor  whose  hole  and  electron  densities  are  eoual. 
as  are  also  their  respective  mobilities.  The  general  case  of  un¬ 
equal  mobilities,  and  including  the  impurity  photoconductive  de¬ 
tector.  results  in  an  analysis  requiring  significantly  extra  arith- 
-tic.  and  for  the  purposes  of  this  paper,  leads  to  the  same  con. 
Clus  ^  parallolopipod.  of  length  i. 

■  ■  ».  and  thiCnaess  d.  The  quantity  fw  represents  the  surface 


m 


n 

c 


r,  ^  PREAMPLIFIER 


exposed  to  radiation  and  defines  the  detector  area  A,  with  the 
electrodes  placed  across  the  wd  end  faces.  The  cell  resistance 

is  given  by: 


-  ^ 

^c  “  wd  dwd  2neiiwd 


where : 

p  =  electric  resistivity  =  l/d 

d  =  electric  conductivity  =  neii^^  +  pe  Pp  =  2ne  [i 
=  mobility  ( “  ^^p) 
n  =  density  of  electrons 
p  =  n  =  density  of  holes 

When  radiation  is  absorbed  by  the  detector,  it  causes  a  change  in 
the  density  of  carriers,  and  therefore  a  change  in  conductivity. 
The  change  in  resistance  due  to  electrons  lor  example  is  given  by 


Ar  -  — 

c  dn 


n 

-^21.  •  _ - 

^  wd  n 


The  corresponding  signal  current  is  then  derived  from  (2)  and 
(3),  and  is  given  by; 


or 


ANs 

IT 


(5) 

(6) 


where : 

AN^  =  total  number  of  additional  electrons  given  by 
AN^wid,  equal  to  N(t)-isr 

N  =  number  of  electrons  in  the  absence  of  signal 

N(t)  -  instantaneous  number  of  electrons 

=  resistance  ratio  =  r  /(r  +  r  ) 

c  L  c  ^ 

In  the  work  that  lollowa  wo  assume  a  sn,all  signal  condition  where 

signal  current  is  treated  as  linearly  de¬ 
pendent  on  AN.  The  photodetector  small  signal  properties  are 
governed  by  (4); 


^Vs 


(7) 


whore : 


The 

tion 


T|g  =  responsive  quantum  efficiency 
T  =  electron-hole  lifetime 
'^s  ~  incident  number  of  photons  per  unit 
solution  of  this  equation  for  a  sinusoidal 
frequency  f  =  co/271;  is; 


an  (f)|  = 


TiJjgiT 

t/l  +  (wt)^ 


area  per  second 
signal  of  modula- 


b8 


(8) 


The  firactional  change  in  the  number  of  free  electrons  is: 


UMf)l  .  2  HslJsl  ’■ 


(9) 


N  7" 

nd  /i+(wt)2 

where  the  factor  2  is  introduced  to  allow  for  two  carriers 

Senerated  (an  electron  and  a  hole)  for  each  absorbed  photon. 

The  peak  to  peak  signal  current  is  derived  by  inserting  Eq.  (9) 
into  (6)  to  get! 

(10) 


nd/l+((oT)‘ 


where  Jg^  is  the  peak  to  peak  value  (amplitude)  of  the  sinusoid- 
ally  varying  photon  flux  slg.t.1.  It  i,  elear  that  signal  response 
improves  with  longer  lifetimes,  improved  quantum  efficiencies,  and 
decreasing  equilibrium  density  of  carriers. 

B,  Noise 

There  are  five  kinds  of  electrical  noise  that  appear  in  the 

output  Of  semiconducting  photodetectors.  They  will  be  described 
below,  briefly. 

1»  Jolmson  Noise 

This  type  of  noise  is  often  referred  to  as  Nyquist  noise, 

aince  both  Nyquist  and  Jolmson  treated  this  .loise  problem  in  1928 
It  can  be  expressed  as: 

=  ZikTrAf, 

(11) 

where : 

k  —  Boltzmann's  constant, 

T  -  tibsoluto  temperature, 

Af  =  electrical  bandwidth. 


r  -  resistance, 

V  =  voltage,  that  is  [vft)  -  v  1. 

av 

2,  Generation- Re  combination  Noise 

This  type  of  noise  is  inherent  in  the  electronic  system 
of  semiconducting  materials.  All  atoms  in  a  lattice  vibrate  in 
an  organissed  manner  to  the  extent  that  their  vibrations  are  quan¬ 
tized  and  can  be  described  in  particle  tei-minology  as  "phonons". 
Valence— band  electrons  arc  continually  jostled  by  the  vibrations 
the  lattice  atoms.  Every  so  often,  the  nature  and  phasing  of 
between  atoms  is  such  that  an  electron  in  their  midst 
is  able  to  gain  enough  energy  to  be  freed  from  its  bound  (valence- 
band)  state,  and  to  move  about  in  the  conduction  band.  The  elec¬ 
tron  is  said  to  have  suffered  a  phonon  collision,  and  to  have  ab¬ 
sorbed  energy  in  the  process. 

When  electrons  leave  the  valence  band  for  the  conduction 
band,  charge  carriers  (electrons  and  holes)  become  available  for 
the  purposes  of  current  flow.  The  equilibrium  number  of  carriers 
created  increases  with  a  crystal’s  temperature,  and  for  any  one 
temperature  will  be  greater  for  diminishing  forbidden  energy  gap. 
The  thermal  (phonon)  excitation  process  is  statistical  in  nature, 
and  the  rate  at  which  electrons  arc  excited  to  the  conduction  band 
fluctuates . 

In  addition  to  the  statistical  pulses  of  generation,  we  find 
that  a  similar  situation  exists  for  the  recombination  of  carriers, 
ihc  electrons  and  holes  wander  about  the  crystal  lattice  with  some 
thermal  motion,  and  during  a  "lifetime"  characteristic  of  the  semi¬ 
conductor  material,  get  close  enougii  togothe:c  to  recombine  directly. 
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or  through  a  recombination  center.  The  lifetime  is  a  statistically 
fluctuating  quantity,  as  is  the  instantaneous  number  of  electrons 
and  holes.  Current  carrier  fluctuations  are  therefore  inherent 
in  any  semiconductor.  When  a  sample  is  placed  in  an  electric  cir¬ 
cuit,  like  Figure  1,  one  should  expect,  and  in  fact  one  does  ob¬ 
serve,  conductivity  fluctuations  causing  electrical  noise  com¬ 
pletely  described  by  the  generation- recombination  process. 

This  noise  is  a  bulk  property  of  the  crystal  and  is  due  to 

conductivity  fluctuations  caused  by  carrier  density  changes.  It 

7 

was  shown  by  Petri tz  that  ; 


Mi 

N 


2T 

l+(0® 


Af 


(12) 


Accordingly,  assuming  Poisson  statistics  apply,  substitution  in 
Equation  (6)  gives: 


.8  _  T-S  3 

^  -  ^b 


2T 


Af 


(13) 


n[i+(wt)2  ] 

which  is  in  a  form  first  developed  by  Van  Vliet(8), 

3,  Current,  l/f.  Modulation,  and  Excess  Noise 

All  of  the  names  above  have  been  used  at  various  tj.mes  as  names 
for  the  same  kind  of  noise.  It  is  a  noise  that  appears  commonly 
in  photodetectors  in  addition  to  the  noise  already  discussed  and 
is  generally  found  to  have  characteristics  that  can  be  described 
by  the  expression  (see  ref,  9)i 

.3 


T  3  =  p  ^ 

^  fAd 


Af 


(14) 


yi 


where : 

"  '  — ent  through  the  sa„pie, 

^  ~  fi’oquency 

C  =  constant. 

Actually  Ea.  fl7)  ■ 

q-  {17)  IS  not  universal  in  th.i- 
cited  Where  the  current 

^nd  as  large  as  4(9)  as  1.3. 

^  *0  3-.  Ho.lrrtLTo^-^^^^-^^  -  ---  ' 

"Ot  particularly  oo»on,  and  ca  variations  ar 

spociPic  ^atonal,  or  t  ^ 

OP  a  „aterial5.  =>-  ^  con. 

The  physical  nierh^rt,- „ 

'"fcjcnanistn  or  -Htj  r, 

‘o  date.  PetrwV'  understood 

Modulation.,  noiso  to  identiPy  the  .eehanisrar^"  ““ 
diPPerent  Prom  simple  Carrie  a  ’  ““’"Othing  quite 

Tho  ,  density  Pluctuations . 

.nodulation  suggestion  oPPered  hy  Petrit  n 

^  be  only  a  part  oP  the  picture  n 

«uophyl3  Brophy  and  Postoher^, 

Tound  with  direct  py 

the  noise  Pluctuations  in  Hall  y  evidence  that 

dependence  pattern  as  tho  •  followed  the  same  Prequency 

CIS  the  noise  from  .. 

“  "'ust  he  concluded,  therePoro  th  t  ".casurement. 

noise  also  Pollens  the  Pluctuaf’  ^  1/p 

current  carriers.  ““'“'dty  oP  the  majority 

d-ta  location  OP  a  major  source  oP  i/p  .  , 

o-e  OP  gentanium  Pilaments),  has  he 

the  crystal.  Recent  st  H  Tound  to  bo  the  surface  of 

«^ccnt  studies  by  MacRae^^  in,-  . 

^’'•'^rsion  layer  (a  p  tvi  J-ca  od  that  a  surface 

^  P-typo  surface  on  an  n-tvo 

^  ’-0  is  necessary  to  /  '  crystal  or  vice 

T  .enorate  siga,,,,,„, 


Although  the  surface  provides  l/f  noise,  it  is  quite  clear 
this  kind  of  noise  can  also  be  generated  in  the  bulk  ma¬ 
terial.  BrophylS  finds  that,  by  plastic  defecation,  he  can 
create  noise  sources  and  cause  an  increase  of  excess  noise  by 
orders  of  magnitude.  These  sources  are  uniformly  distributed 
throughout  the  crystal,  and  also  contribute  an  unusual  I*  de¬ 
pendence.  Bess^^  assumed  that  the  noise  was  due  to  edge  dis¬ 
locations  With  impurities  diffusion  along  the  edge.  Such  dis¬ 
tributions  throughout  the  bulk  can  provide  noise  spectra  similar 
to  that  obtained  by  inversion  surface  layers^®.  Even  when  sur¬ 
faces  are  treated  so  that  their  noise  contribution  is  minimised, 
and  bulk  sources  are  remeved,  residual  (l/f)  noise  may  still 
exist.  This  noise  has  been  associated  with  non-ohmic  contact 
regions,  probably  due  to  minority  carrier  drift  across  the  con¬ 
tacts.  Thus  the  sources  of  l/f  noise  can  be  found  at  the  surface, 

in  the  bulk,  and  at  the  electrical  contacts  of  a  detector. 

/4.  Shot  Noise 

This  noise  is  usually  associated  with  vacuum  tubes;  it  is 

described  as  the  electrical  noisp. 

noj.se  that  appears  m  the  output  of  a 

vacuum  tube  when  the  grid,  if  any,  is  held  at  a  fixed  potential. 
However,  it  is  more  precisely  described  in  what  is  usually  called 
the  temperature-limited  condition.  By  temperature  limited  it  is 
meant  that  the  anode  voltage  on  the  tube  is  sufficient  to  collect 
all  of  the  electrons  emitted  from  the  cathode.  Consider  a  tem¬ 
perature-limited  diode  connected  to  a  resistance  r.  Because  of 
the  discreteness  of  the  electronic  charge,  the  number  of  electrons 
omitted  at  equal  ti„,e  intervals  will  fluctuate  around  an  average 
value.  The  fluctuating  current  causes  a  fluctuating  voltage 

S3 


across  r  which  can  be  amplified  and  measured.  The  mean  square 
current  fluctuation  turns  out  to  be  constant  up  to  frequencies  of 

approximately  the  reciprocal  of  the  transient  time,  and  can  be 
described  by 


I® 

~  2ql,  Af 


(15) 


where  q  is  the  electronic  charge  and  is  the  bias  current^^. 

Semiconductor  photovoltaic  detectors  and  back-biased  p-n 
junctions  operating  in  a  photoconductive  circuit  also  exhibit 
shot  noise.  In  a  p-n  junction  diode,  a  space  charge  region  and 
associated  electric  field  is  developed  across  the  barrier.  Elec¬ 
trons  or  holes  created  by  phonons  or  the  absorption  of  background 
photons,  diffusing  into  the  barrier  region,  are  swept  from  the 
n-type  material  to  the  p-type  material,  or  vice  versa.  This  re¬ 
sults  in  current  pulses  appearing  across  the  diode  with  the  same 
characteristics  the*  ire  observed  for  the  vacuum  tube. 

Petritz  (see  j  .  7)  has  developed  a  theory  applicable  to  the 
lead  chalcogenide  (j>bs,  PbSe ,  PbTe )  photoconductive  films,  which 
is  suitable  for  use  here.  These  films  are  composed  of  a  system 
of  tiny  crystallites  separated  by  intercrystalline  barriers,  where 
space  charge  regions  exist.  The  barrier  regions  contribute  both 
Johnson  and  shot  noise,  while  the  crystallites  generate  the  usual 
Johnson  noise.  For  thin  barriers,  compared  to  the  carrier  dif¬ 
fusion  length,  the  barrier  contribution  to  shot  noise  is  given  by 


—  2er  ®I 
v8  =  c  b 
n^i 


(16) 


where  n^  is  the  number  of  crystallites  per  unit  length  and  r  is 

r* 


the  detector  resistance. 
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5.  Background-Radiation  Noise 


Background  radiation  can  be  thought  of  as  a  stream  of 
photons  originating  from  the  detector  environment.  The  cell 
walls  surrounding  the  detector,  its  window,  and  the'  media 
viewed  by  the  detector  through  the  cell  window  all  contribute 
to  this  radiation.  The  extent  of  the  individual  contributions 
is  determined  by  their  respective  temperatures,  emissivities  and 
ge ome try. 

Photons  originating  from  the  background  and  impinging  on  the 
detector  arrive  and  are  absorbed  in  a  statistically  fluctuating 
manner.  This  results  in  a  well-defined  type  of  electrical  noise. 
When  this  is  the  predominant  noise,  the  photodetector  is  said  to 
be  "background  radiation-noise  limited".  The  generation  of  car¬ 
riers  by  this  process  follows  the  same  statistical  law  as  the 
G-R  noise. 

The  complete  expression  that  describes  the  fluctuation  in 
carriers  (electrons  and  holes)  for  the  case  of  equilibrium  when 
generation  rates  are  equal  to  recombination  rates  is  given  by 
Petritz^^*^  as; 


AN®  noise 


1  +  (UT^) 


(17) 


whe  re ; 

“  equilibrium  number  of  excess  electrons  from 
lattice  phonons 

^B  “  “  equilibrium  number  of  excess  electrons  from 

background  photons 


~  conversion  efficiencies  of  phonons  and  photons  to 
electrons  respectively 

J  ,J  =  lattice  phonon  flux  and  background  photon  flux 

Lf  Jj 

respectively 

Equation  17  includes  a  factor  of  2  to  include  the  effect  of  a  num¬ 
ber  of  excess  holes  equal  to  electrons, 

III,  Signal  to  Noise  Ratios 

a.  Case  of  the  Background  Noise  Limited  Detector 

The  peak  to  peak  signal  can  be  expressed  from  Equation  (6) 
in  the  form ; 


AN 


^P-P  ^  ^ 


SO 


N 


(18) 


where : 

I  =  Peak  to  peak  signal  current  (see  main  text  - 

^P-P 

Figure  Z) 

I,  =  Bias  Current 
b 

AN„„  =  Number  of  signal  carriers  generated  on  absorbing 

iD  VJ 

peak  to  peak  flux  of  JgQ» 


Correspondingly,  the  rms  background  noise  current  (lg|^) 
be  expressed  as: 


=  I,.r 


/ 


an 


Noise 


BN  b  R  N 


(19) 


Accordingly,  the  peak  to  peak  signal  to  RMS  noise  ratio  is  given  by; 


P-P  _ 

'•BN 


An 


so 


'/^^Noise 


(20) 
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ANg  is  given  by  Equation  8  while  is  given  by  Equa¬ 

tion  (2)  in  the  baekground  limited  ease,  where  VB»Vr  ^<=- 

cordingly,  by  substituting  in  Equation  (20)  the  signal  to  noise 
ratio  is  given  by; 


(21) 


where  that  is  the  spectrum  for  signal  and  noise  photons 

is  treated  as  the  same,  so  that  they  are  absorbed  and  generate 
carriers  with  equal  efficiency. 

Note  that  this  expression  is  independent  of  frequenoy  be¬ 
cause  signal  and  noise  photons  generate  the  same  response  from 

the  photoconductor,  assuming  that  they  are  absorbed  and  generate 

carriers  with  equal  efficienov  'tv.-so  • 

4  lency.  This  is  in  accord  with  their  be- 

ing  treated  here  as  having  the  same  spectrum  (color), 
b.  Case  of  the  Shot  Noise  Limited  Detector 

peak  to  peak  signal  current  was  expressed  in  Equa¬ 
tion  (10)  and  shot  noise  in  the  form  of  Equation  (I.5).  Modi¬ 
fying  (15)  to  Figure  1  leads  to  a  sigxxal  to  noise  ratio  given  by: 


P-P  _ 

'"SliN 


TIJ 


SO 


nd 


E 


(22) 


where : 


®  “  1  /  l+(ur)^ 

c^b  “  the  bias  current  density 
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APPENDIX  B 


The  Image  Intensifier 

This  device  was  analyzed  in  reference  (l),  and  then  reappeared  in 
a  modified  form  in  a  report  to  ARPA.  A  part  of  the  AEPA  revision  will 
be  used  here,  with  slightly  modified  notation  for  conformity  with  this 
report. 

The  intensifier  provides  a  signal  in  the  form  of  light  output 
(^g)»  rather  than  an  electrical  signal  as  from  the  photoconductor.  Ac¬ 
cordingly,  its  signal  is  derived  from: 


L 

s 


(hv) 


ave 


where  s 


(1) 


(^'')ave  average  energy  for  the  spectral  distribution  of 

emitted  photons 

~  light  output  emitted  from  some  area  A  of  the  phosphor 
screen  of  the  device 

=  number  of  excess  electrons  in  the  conduction  band  or 

other  excited  states  in  area  A  of  the  phosphor 

=  lifetime  of  electrons  in  that  excited  state 

There  remains  the  task  of  determining  AN  in  a  useable  form,  hopefully 

s 

similar  to  that  developed  for  the  photoconductor  in  Appendix  A. 

Determination  of  tube  performance  requires  that  it  be  illuminated 
by  some  test  pattern.  The  pattern  used  with  the  photoconductor  was 
simply  a  sinusoidally  modulated  light  source.  When  used  with  a  scanner, 
dynamic  performance  would  be  governed  by  the  detectors  frequency  res¬ 
ponse  to  the  modulated  light  source.  Intensifiers  are  areal  display  de¬ 
vices  which  not  only  a?  responsive  to  the  strengths  of  object  signals. 


^9 


but  also  provide  information  on  location  and  movement.  Accordingly, 
although  stationary  test  patterns  are  customary,  more  informiative  re¬ 
sults  can  be  obtained  by  using  a  traveling  test  pattern  moving  across 
the  face  of  the  tube,  with  some  known  velocity,  v.  The  pattern  used 
here  will  consist  of  light  whose  intensity  is  spatially  modulated  sinu- 
soidally,  since  this  facilitates  mathematical  analysis.  It  is  des¬ 
cribed  by  the  usual  form; 


where  X  is  the  wavelength  of  the  test  pattern,  is  the  period  re¬ 
quired  to  move  a  distance  of  one  wavelength  such  that  the  wave  velo¬ 
city  V  =  A./T^  (see  Fig.  2  of  the  main  text). 

Phosphors  of  the  simple  type  used  here  have  electronic  decay  pro. 

cesses  governed  by  a  simple  exponential  law,  such  that  for  a  quantum 
efficiency  T), 


AN  =  AN  e 
s  so 

with  AN  =  Tlj 
so  s 

Therefore,  the  light  output  also  decays  exponentially. 


(3) 


according  to 


(4) 


A  detailed  analysis  of  the  variation  in  time  constant  when, excitation 
and  recombination  occur  simultaneously  reveals  that  there  is  an  ap¬ 
parent  change  in  device  time  constant  which  can  be  expressed  in  the  form 


(5) 


IGO 


where  is  the  time  required  for  a  wave  to  travel  the  distance  across 
a  resolution  element,  equal  to  ^  '/v  (where  it '  is  the  diameter  of  a  re¬ 
solution  element)  (2). 

Since  the  phosphor  behavior  is  assumed  to  be  governed  by  the  same 
intrinsic  excitation  and  recombination  processes  as  the  photoconductor, 
the  equation  for  the  photoconductor  can  now  be  modified  for  adaptation 
to  the  intensifier  by  substituting  Equation  (2)  into  Equation  (7)  of 
Appendix  A  and  making  use  of  Figure  (2)  in  the  main  text,  such  that: 


o 


This  equation  includes  an  integral  which  represents  the  number  of  car¬ 
riers  created  by  the  incident  flux  per  unit  time  within  the  area  A,  the 
efficiency  of  the  photoemitter  T]  and  liie  gain  of  the  phosphor  G  in  cre¬ 
ating  excited  carriers.  This  gain  is  a  function  of  the  accelerating 
potential  applied  to  the  intensifier  tube  and  may  be  substantially 
greater  than  unity.  Integration  over  a  circular  area  leads  to  a  solu¬ 
tion  in  the  form  of  a  Bessel  function,  such  that  the  equation  simplifies 
to: 


dt 


AN 
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An 

s  noA 

T  ■■  2 


J  S  e 
so 


-27tit 


+  J. 


21 


(7) 


where: 


S  =  J^(z)  +  JgCz);  (8) 

Z  =  71^/2 

i>  =  diameter  of  a  resolution  element 

J^(z)  and  JgCz)  are  Bessel  functions  of  zero  and  second  order,  respectively 
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as  shovm  in  Figure  (l),  using  Schade's  notation  for  z  (5),  This  analy¬ 
sis  does  not  include  the  effect  of  MPP  from  electron  optics. 

A  point  to  be  noted  here  is  that  the  Bessel  function  S  appears  to 
reproduce  Schade's  response  curve  for  the  case  of  a  circular  aperture 
scanning  a  photon  flux  test  bar  pattern  (making  due  allowance  for  our 
sinusoidal  test  pattern) .  His  curve  was  developed  while  concerned  with 
electron  beam  scanning  types  of  image  tubes  and  derived  by  other  methods. 
It  has  general  applicability,  however,  in  so  far  as  geometrical  optical 
considerations  provide  limitations  on  the  frequency  response  and  resolu¬ 
tion  of  image  tubes.  Nevertheless,  it  remains  to  be  shown  whether  these 
optical  limitations  govern  device  performance  to  those  to  be  associated 
with  dynamic  electronic  processes  through  the  time  constant  T', 

The  area  A  denoted  in  Equation  (7)  is  not  the  area  of  the  face  of 
the  tube,  but  is  a  small  area  that  can  be  located  over  any  region  of  the 
tubes 's  rear  surface.  In  a  test  procedure,  it  can  readily  be  defined  by 
the  size  of  a  calibrated  circular  hole  in  a  mask  placed  behind  the  in- 
tensifier's  light  emitting  surface  (Pig.  2).  This  permits  examination 
of  any  localized  region  of  the  intensifier's  surface  and  changing  the 
area  of  the  hole.  The  experimental  apparatus  needed  to  complete  a  test 
facility,  comprises  a  photodetector  to  measure  the  intensifier's  light 
output,  followed  by  the  same  airangement  of  equipment  as  used  for  ele¬ 
mental  infrared  photodetectors  in  measuring  signal  and  noise.  This 
type  of  experiment  provides  uniform  data  and  allows  localized  determina¬ 
tion  of  intensifier's  performance.  Information  on  frequency  response, 
electro-optic  distortions,  granularity  and  constant  response  contours 
can  be  readily  obtained.  The  solution  to  the  differential  Equation  (7) 
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An  = 
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tIga 
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J  S 
so 


e  ,  Ce 


(9) 


At  time  t  -  o,  we  impose  the  condition  that  the  total  light  output  is 
maximum  and  given  from  Equ,  1  by: 


L  =  (hV) 


ave 


(10) 


Corresponding  to  the  case  of  low  spatial  frequency  where  S  =  1,  i, 

and  c  =  0. 


The  peak  to  peak  signal  light  output  (L  )  is  frequency  dependent, 

P-P 

whose  magnitude  is  given  by  the  absolute  value  of  the  signal  term,  that 
is  by; 


tIgsaj 

(hv)  - SO 


(11) 


Noise  Generatinn 

Contributors  to  noise  come  from  background  photons,  shot  noise  from 
the  -cube's  internal  electron  current  and  generation  -  recombination  noise 
fi-om  the  phosphor.  The  tube's  current  can  result  from  photoemission, 
thermionic  emission,  field  emission,  positive  ion  feedback  in  gassy  tubes, 
light  feedback  to  the  photocathode  from  glass  bombardment,  corona  and 
secondary  electron  emission  at  the  phosphor  surface. 

Intensifiers  desi.gned  for  ultimate  performance,  sufficiently  sen¬ 
sitive  to  respond  to  fluctuations  in  the  incident  photon  stream,  must 
first  have  their  photoemissive  current  exceed  the  sum  of  all  other  con¬ 
tributors  to  tube  current.  This  will  ensure  that  the  shot  noise  of  the 
tube  will  be  descriptive  of  the  noise  from  the  incident  photon  flux. 


1 


7,  App.  B. 


Dark  current  caused  by  thermionic  emission  can  be  reduced  by  cooling  the 
photocathode,  while  that  resulting  from  field  emission  is  lowered  by  re¬ 
ducing  the  acceleration  voltage.  Positive  ion  feedback  is  reduced  by  ac¬ 
hieving  a  better  tube  vacuum,  vdiile  li^t  feedback  is  reduced  by  vari¬ 
ous  forms  of  light  shielding  and  proper  application  of  absorbing  black 
paint.  Secondary  electron  emission  noise  can  be  appreciable,  particular¬ 
ly  in  the  past  when  transmission  secondary  emission  electrodes  are  uti¬ 
lized  between  the  photoemitter  and  the  phosphor  surfaces.  These  elec¬ 
trodes  are  designed  to  provide  further  gain  by  intermediate  electron  mul¬ 
tiplication. 

Internal  secondary  emission  can  also  occur  in  the  phosphor.  Photo¬ 
electrons  bombarding  the  phosphor  target,  are  often  given  sufficient  en¬ 
ergy  from  the  electric  field  to  cause  many  more  phosphor  electrons  to  be 
excited  to  luminescence  than  are  in  the  incident  stream.  Light  ampli¬ 
fication  results,  since  many  more  photons  are  emitted  from  the  phosphor 
layer  than  are  absorbed  at  the  photocathode.  Due  to  the  nature  of  the 
bombarding  mechanism  in  the  excitation  process,  each  photoelectron  will 
not  excite  exactly  the  same  niomber  of  phosphor  electrons.  Father,  there 
will  be  a  fluctuation  about  some  average  value  which  contributes  to  noise 
in  the  light  output. 

Tubes  designed  to  be  background  limited  must  have  their  photoemissive 
shot  noise  dominant.  They  can  laien  transform  the  background  noise  to 
the  phosphor,  where  it  can  be  measured  a.’  noise  in  the  fluctuations  from 
the  phosphor's  light  output.  The  phosphor's  light  output  is  not  likely 
to  be  influenced  by  any  other  type  of  current  noise.  It  must  only  be 
kept  sufficiently  cool  so  that  generation-recombination  noise  induced  by 
a  hot  lattice  does  not  dominate  the  noise  from  the  background. 

Noise  in  the  light  output  when  induced  by  background  is  given  by: 


(12) 


2 

vdiere  is  the  same  quantity  used  for  the  photoconductor.  The  mean 

square  fluctuation  in  the  number  of  carriers  has  been  discussed  for  the 

]i  C 

general  case  in  considerable  detail  by  Petritz  ,  Van  Vliet^,  Van  der 
Ziel^  and  others.  It  is  given  by  Petritz  in  the  form 


Af  .  A  (V3  ^ 

1  +  ((DT)^ 


(13) 


where  the  subscript  B  refers  to  the  effect  of  background  photons.  The 
subscript  A  refers  to  lattice.  Is  meant  to  indicate  the  number  of 

excess  electrons  generated  in  the  conduction  band  caused  by  absorbing 
background  photons  flux  (see  Appendix  A,  Equation  I7), 

Luminescence  occurs  vhen  an  excited  charge  carrier  returns  to  a 
lower  energy  state.  The  simple  model  utilized  here  involves  only  the 
recombination  of  an  electron  and  a  hole.  Accordingly,  noise  in  the  li^t 
output  is  generated  only  during  the  recombination  process.  Equation  (I5) 
applies  to  the  carrier  fluctuation  induced  in  the  generation  and  recom¬ 
bination  processes  and  is  a  factor  of  two  larger  than  would  prevail  for 
luminescence.  In  the  background  limited  case,  the  contribution  from  the 
lattice  becomes  negligible,  and  Equation  (13),  when  applied  to  lumin¬ 
escence  and  now  including  the  factor  of  gain  reduces  to 


2(T  ')"  •  Af  •  ATlj^G^Jg 

1  +  (ujr  ')^ 


AccojTdingly,  the  noise  in  the  light  output  when  governed  by  background 
is  obtained  by  substituting  Equation  (13)  in  (l2)  giving 

lv7 


Ifell  -  (•"'lave® 
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1  +  (trfT')^ 


(15) 


A  signal  to  noise  ratio  can  now  be  determined  on  dividing  Equation  (ll) 
by  (15) »  so  that 


assuming  that  T)  =  . 
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APPENDIX  C 


Electron  Beam  -  Signal  Generating  Scanning  Devices 

This  device  was  analyzed  in  a  paper  by  S,  Nudelman  in  Ap¬ 
plied  Optics,  i,  627  (1962),  and  then  reappeared  in  an  extended 
form  in  an  ARPA  report,  A  part  of  the  ARPA  report  will  be  used 
here  with  slightly  modified  notation  for  conformity  with  this 
report. 

All  scanning  electron  beam  types  of  image  tubes  have  two 
common  features,  that  is,  a  surface  in  which  an  electronic  im¬ 
age  is  formed  and  a  scanning  electron  beam  to  generate  the  video 
signal.  The  film  supporting  the  electronic  image  must  have  sev¬ 
eral  important  properties  for  successful  signal  generation.  It 
must  be  highly  resistive  between  its  surface  to  provide  storage  . 
times  longer  than  a  frame  time  and  be  sufficiently  rapid  in 
response  to  create  an  electronic  surface  image  within  a  frame 
time.  The  film  should  be  even  more  highly  resistive  in  the  plane 
of  the  surface  to  avoid  lateral  leakage  and  loss  of  resolution. 

An  ideal  electron  beam  will  have  a  spot  size  less  than  the  reso¬ 
lution  element  size  inherent  in  the  film,  with  all  of  its  elec¬ 
trons  having  identical  velocities  and  striking  the  surface  nonn— 
ally.  The  real  situation,  however,  presents  a  spot  size  af¬ 
fecting  resolution  and  signal  quality,  with  an  inherent  distri¬ 
bution  in  electron  velocities  wliich  contributes  to  signal  degrada¬ 
tion  and  electrical  noise.  Studies  of  camera  tube  signal  and 
noise  properties  have  been  carried  out  by  various  investigators^)®. 
The  treatment  here  offered  extends  such  work  toward  compatibility 
with  NEP,  D*  and 


Tlie  vidicon  will  be  examined  here  in  considerable  detail, 
since  the  electronic  mechanisms  governing  its  operation  seem  to 
be  more  complicated  than  for  other  electron  beam  scanning  types 
of  tubes.  Results  obtained  for  the  vidicon,  however,  are  then 
easily  extended  to  other  tubes.  Discussions  of  basic  mechan¬ 
isms  presented  below  are  oriented  toward  a  theoretical  analy¬ 
sis  of  device  performance,  characterization  and  evaluation, 

A.  Device  Operation  -  The  Photoconductor 

Signal  and  noise  properties  can  be  derived  by  treating 
a  resolution  element  of  the  vidicons  photosensitive  surface  as 
a  simple  photodetector.  Reference  to  Figure  1  shows  a  schema¬ 
tic  of  this  element  as  the  capacitor  C  in  the  vidicon  preampli¬ 
fier  circuit.  Switch  S  is  included  to  indicate  that  during 
the  time  the  beam  dwells  on  a  resolution  element,  it  charges 
that  element  to  cathode  potential.  Thus  the  beam  behaves  like 
a  switch  which  is  closed  during  the  time  that  the  electron  beam 
traverses  the  element,  and  is  open  during  the  remainder  of  a 
sweep  period.  Assume  that  the  element  has  just  been  charged, 
that  the  switch  is  opened,  and  discharge  begins.  This  dis¬ 
charge  results  from  thermally  generated  carriers,  photoexcited 
carriers  and  dielectric  relaxation.  During  the  open  switch 
time,  this  discharging  affects  only  the  voltage  drop  across  C, 
and  does  not  affect  that  drop  across  R^^,  As  a  result,  the  pre- 
does  not  respond  to  the  discharging  process. 

Assume  now  that  the  condenser  C  has  been  discharged  to 
some  extent  during  the  frame  time  T' ,  whereupon  the  electron 
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beam  reappears  and  replaces  the  lost  electrons  during  the  reso¬ 
lution  element  dwell  time  t.  This  deposition  constitutes  an 
instantaneous  current  (i)  through  C  (via  capacitive  coupling) , 
r.sulting  in  a  voltage  drop  iH^,  which  is  subsequently  enhanced 
by  the  preamplifier-amplifier  electronics  that  follow  C^,  This 
voltage  drop  is  made  up  then  basically  of  three  components 

na»ely,  signal  resulting  from  photo-absorption,  electrical  noise 
from  various  sources,  and  some  small  discharge  associated  with 
the  properties  discussed  above.  Our  theoretical  treatment  will 
deal  with  Signal  and  noise  generation  in  considerable  detail. 

It  Will  not  be  concerned,  however,  with  the  small  discharge,  and 
essentially  assumes  that  this  effect  can  be  minimised  from  the 
vldicon's  output  through  a  properly  designed  electronic  system. 

Various  models  exist  that  help  explain  transfej-  character- 

latics  of  vidicons.  A  model  is  proposed  below  which  depends  on 

the  exponential  manner  of  nhoton 

P  ton  absorption,  recombination  rate 

ef  carriers  through  the  fiha.  i*  attempts  to  help  cur  under¬ 
standing  of  factors  contributing  to  the  device  "gamma”  and  tc 
lead  into  device  theory  that  follows. 

Reference  to  Figure  1  shows  an  element  assumed  to  be  an 
intrinsic  p  type  semiconductor  »  pj  supporting  an  electron 
Charge  across  its  bach  surface  (sprayed  on  by  the  electron  beam) 
and  arranged  so  that  its  fVont  surface  is  illuminated  by  inci¬ 
dent  radiation.  Photons  absorbed  create  electrcn-hole  pairs. 

Which  separate  under  the  influence  of  the  field  and  drift 
toward  the  front  and  rear  surfaces  respectively.  Holes  generated 
Within  the  sovface  layer  rather  than  at  the  front  surface  will 


require  less  time  to  reach,  the  rear.  Once  the  holes  arrive  at 
the  rear)  recombination  with  surface  eloctrons  occur's  leaving 
an  equivalent  positive  surface  charge. 

Three  efficiency  factors  govern  the  success  of  the  process 
desci-ibed  above.  They  are  the  following: 

1,  Efficiency  of  hole  generation  through  photon  absorption. 
The  number  of  carriers  generated  is  taken  proportional 
to  the  number  of  photons  illuminating  the  device,  or 

P  =  ^Jo  (1) 


where  =  the  number  of  photons  illuminating  the  photoconductor 
per  second  per  unit  area  (after  reflection  losses), 

P  ®  the  number  of  holes  generated  per  second  per  unit 
area  by  the  absorption  of  photons 
11  *  the  efficiency  factor  for  photon  to  hole  carrier 
conversion. 

2,  Loss  of  holes  throiigh  bulk  recombination 

Vidicons  exhibit  a  power  law  relationship  between  their 

output  signal  and  irradiance.  Thus 

Y 

I  s  BH 
s 

or 


^s  " 

where  B  is  a  constant. 

The  dynamic  range  of  the  device  is  that  range  over  which  the 
slope  (y)  of  the  log  plot  of  vs,  H  remains  essentially  con~ 
stant.  Maximum  signal  is  derived  for  a  gamma  of  unity,  Orthi- 
cons  often  show  gammas  approaching  one,  while  vidicons  have  al¬ 
ways  been  considerably  less  than  one. 
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Signal  current  will  be  shown  in  a  later  section  to  be  directly 
proportional  to  hole  generation,  while  the  photon  flux  density  can 
be  linearly  related  to  the  irradiance  by  H  =  (hv)  J  where 
^^'’^ave  averaged  photon  energy.  Equation  (2),  when  com¬ 

pared  with  (1),  indicates  that  some  photogenerated  holes  must  be 
lost  before  they  are  able  to  reach  the  rear  surface  and  recom¬ 
bine  with  stored  electrons.  The  exact  mechanism  responsible  for 
this  loss  has  yet  to  be  precisely  established.  However,  it  seems 
reasonably  safe  to  associate  this  loss  with  electron-hole  recom¬ 
binations  that  occur  rapidly  (compared  to  bulk  recombination 
rate),  most  frequenctly  at  the  front  surface,  and  to  a  decreasing 
extent  with  distance  from  the  front  surface. 

Two  recombination  mechanisms  will  be  described  here  that 
appear  applicable  to  vidicon  photoconductors.  There  undoubtedly 
are  others.  The  first  makes  use  of  the  exponential  manner  in 
which  light  is  absorbed  by  a  medium,  that  is 

J  =  (3) 

where  Of  is  the  absorption  coefficient. 

From  Equation  (2)  it  is  clear  that  the  concentration  of  holes 
would  follow  a  similar  exponential  behavior,  being  greatest  at 
the  front  surface.  When  dealing  with  near  intrinsic  material, 
and  for  hole  densities  appreciable  compared  to  intrinsic  carrier 
densities,  a  recombination  lifetime  exists  which  is  considerably 
less  than  that  for  the  base  material.  Thus  the  shortest  recom¬ 
bination  lifetime  would  exist  at  the  front  surface,  increasing 
with  distance  into  the  film  until  the  normal  lifetime  for  the 
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basic  material  prevails.  Another  means  for  achieving  shorter 
lifetimes  is  through  surface  states.  Such  states  are  commonly 
described  in  semiconductor  devices,  and  are  associated  with  im¬ 
purities,  crystallographic  flaws  and  surface  layers  of  various 
kinds.  These  states  provide  recombination  centers,  which  permit 
a  more  rapid  recombination  rate  than  characteristic  of  the  bulk 
material,  and  can  result  in  significant  losses  of  holes, 

A  meaningful  association  between  holes  and  photon  flux  can 
be  developed  from  the  differential  form  of  Equation  (3): 


which  is  the  statement  that  layers  of  equal  thickness  absorb 
equal  fractions  of  the  incident  photons.  The  hole  distribution 
can  be  taken  proportional  to  the  photon  distribution,  ao  that 


^  *  V  M 

P  ^  J 


orydy 


(4) 


Integration  Equation 

/n  P  =  in  +  D 


and 


(5) 


where  D  is  an  arbitrary  constant.  In  view  of  Equation  (l)  pre¬ 
vailing  when  Y  =  li  clearly  0  =  7),  Assuming  the  vidicon  film 
sufficiently  thick  to  absorb  all  photons,  J  can  be  taken  as  the 
incident  photon  flux  and  P  becomes  the  number  of  holes  per 
unit  area  that  survive  and  reach  the  rear  surface  of  the  film. 
The  distribution  of  holes  from  Equation  (4)  is  given  by 


11€ 


C-B 


The  effect  of  Y  ^  1  is  to  flatten  the  exponential  distribution, 
which  Is  consistent  with  the  mechanisms  proposed  above,  whereby 
most  holes  are  lost  at  the  front  surface. 

3.  Loss  of  holes  associated  with  carrier  transport 

Holes  must  be  able  to  move  from  the  front  to  the  rear 
surface  within  a  time  less  than  a  frame  period.  Any  longer  time 
will  cause  what  Is  referred  to  as  photoconductlve  lag,  wherein 
smearing  of  an  image  results.  Thus,  Information  carried  by  holes 
appears  at  the  rear  .arface  more  than  one  frame  period  after  Its 
receipt,  resulting  In  loss  of  Information,  part'lcularly  In  regard 
to  moving  objects.  This  effect  Is  denoted  by  the  factor  T]^, 
it.  Summary 

The  number  of  holes  per  unit  area  reaching  the  rear  sur¬ 
face  Is  given  by 

P  =  T|\  -  11'  (6) 

where  T] '  *  Is  a  combined  efficiency  factor, 

B,  Signal  Generation 

The  signal  Is  from  pick-up  tubes  Is  developed  when  elec¬ 
trons  discharged  during  a  raster  period  are  replaced  by  the  elec¬ 
tron  beam.  In  the  time  that  the  beam  takes  to  pass  over  a  reso¬ 
lution  element.  Accordingly,, 


where  Is  the  full  number  of  electronic  charges  stored  on  the 
rear  surface  within  a  resolution  element. 
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N  13  thB  number  remaining  after  discharge  of  holes,  dur- 
Ing  8.  frame  'time  period, 

T  is  the  dwell  time  of  the  beam  on  a  resolution  element. 
Determination  of  tube  performance  requires  that  it  be  illuminated 
by  some  test  pattern.  The  photoconductor  required  simply  a  sin¬ 
usoidally  modulated  light  source.  For  an  areal  device  such  as 
the  Intenslfler  tube,  we  used  a  traveling  test  pattern  moving 
across  the  face  of  the  tube  with  velocity  v  (see  Appendix  B) . 

It  consisted  of  light  whose  Intensity  was  modulated  sinusoidally 
rather  than  the  bar  patterns  of  TV.  An  identical  test  pattern 
will  be  used  for  the  vidicon  as  for  the  intenslfler,  excepting 

that  it  will  remain  motionlesp,  in  accordance  with  the  suggestion 
of  Coltman*. 

The  electron  beam  has  the  dual  function  of  scanning  the 

charged  surface  and  of  replacing  missing  electrons.  Accordingly, 

it  must  be  described  by  a  function  which  is  dependent  on  position 

and  time.  The  rate  at  which  such  a  function  changes  with  time  is 
given  by 

^  s,  ^  ^  ar 

dt  “  ax  *  dt  at  (8) 

The  beams  value  as  a  function  of  position  depends  upon  the  test 
pattern,  given  as 

j  s  Jso  27lixA  *  '^12 

2  ®  —  (9) 

where  \  is  the  spatial  wavelength,  in  accordance  with  Fig,  2  of 
the  main  text.  Electrons  discharged  during  a  frame  time  t’  within 


a  cli’C'ulai’  resolution  element  of*  area  r,  are  then  evaluated  from 


However,  the  electron  beam  scanning  across  the  sinusoidal  charge 
distribution  responds  in  signal  generation  as  though  it  sees  a 
sinusoidal  traveling  wave  of  electrons  moving  past  with  a  velo¬ 
city,  Accordingly,  relative  to  the  charge  distribution,  the 
electron  beam  should  be  characterized  by  the  traveling  wave  form, 
such  that 


f'  r 


■/Ifr) 


Y  27ti(^  - 


Integration  of  Equation  (ll)  has 
the  intensifier. 


already  been  carried  out  for 


Mit 


where  S  is  the  sum  of  two  Bessel  functions 

*  *  ^2^^^ 
and  z  =  t£' /\ 


(12) 


(13) 


£*  —  dlEuncter  of  resolution  element. 

For  £*  ((  A,  S  =  while  for  /'  in  the  order  of  or  larger  than 
Kf  the  factor  S  becomes  smaller  and  then  oscillates  in  the  man¬ 
ner  typical  of  Bessel  functions, 

This  analysis  can  be  treated  as  applicable  to  a  circular 
resolution  element  w?iose  cross  section  is  that  of  the  electron 
beam  fociised  at  the  photoconductor s  rear  surface.  Actually, 
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the  electrons  streaming  through  this  cross  section  are  generally 
assumed  not  to  be  uniform  in  their  distribution,  and  the  current 
density  .is  peaked  at  the  center,  and  falls  off  radially.  This 
effect  has  been  approximated  by  a  cosine  square  factor  having 
rotational  symmetry*.  Its  effect  can  be  Included  in  this  ana¬ 
lysis  by  introducing  it  as  a  factor  in  the  signal  term  of  Equa¬ 
tion  (ll).  That  is 


TIT'  ( 


2111  (S  -  ,£-) 


cos  0da+ 


Pk  J 


(14) 


Integration  of  this  expression  results  in  the  solution 

T  <;  «  -2ltit/T_ 

Jen  V  ° 

F"  «  T)'  (-|2)Y  T'r  [-|-  +  0,2]  (l^) 

where  is  the  sum  of  four  Bessel  functions 

*  ?  ^■'^0^*1^  *  "*■  '^2^’*2^  ^ 

Zj^  «  n£'/K 

=“2  “  t  (16) 

Plots  of  S  and  S^/2  are  shown  Figure  2  of  this  appendix  us¬ 
ing  Schade's  notation  for  z.  Our  curves  essentially  reproduce 
his  results  for  the  circular  and  cosine  square  apertures  which 
he  obtained  by  different  methods  (making  proper  allowance  for 
the  sinusoidal  test  pattern  used  here).  Clearly  there  is  a  dis¬ 
tinct  Improvement  in  frequency  response  brought  on  by  introduc¬ 
ing  the  cosine  square  factor. 


«> 
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:  .  2.  Relative  line  number  (N/NS).  1.  S,  -  +  J^z,)  + 

2.S~J^z)  +  J^z).  3.  [l+(rJ^/JV5)*]-i'*  4.‘StXE.  S.BX 

E.  Note:  N  is  the  television  line  ntirober  (counting  black  and  white).  iVj  is  the 
Ihie  number  wlien  a  line  width  is  c<]tial  to  the  diameter  of  a  revihition  clement. 


developed  from  the  real  part  of  tlio  periodic  term  and  found 


N  -N 


11  ‘q 


S 

y  l+(0®  T® 


The  area  of  the  vidicon  surface  is  given  by; 


(23) 


T» 

A  =  r  ——  =  r  M 


T 

where  M  is  the  number  of 

Y 


1]«qJgQ  «  rMS 


resolution  elements. 

i  MS 
_  s 

yL+(wT)® 


(24) 

Accordingly, 

(25) 


Note  that  JgQ  represents  the  peak  to  peak  value  of  incident  sig¬ 
nal  flux  as  used  in  DQE,  whereas  Jcry2  is  the  peak  value  as  used 

T 

SO  V 

in  MTF.  The  quantity  11‘q(-5-)  I'^ig  represents  the  normal  peak 

current  flow  expected  from  a  resolution  element  without  storage. 

The  factor  provides  enhanced  signal  through  charge  storage, 

T 

Signal  response  expressed  in  the  form 
"n'q  JgQ  rMS 

Jl*{2% 

is  useful  for  delineating  the  influence  of  aperture  from  elec¬ 
tronic  effects.  It  is  obtained  from  Equation  (25)  making  use  of 

(0  =  2Tlf  =  2llnv  “  V  (27) 

where  n  =  the  number  of  test  waves  per  unit  length 
\  =  the  wavelength  =  l/n 
V  =  scan  velocity  =  £'/t 


In  the  case  of  the  cosine  squared  aperture  the  corresponding  sig¬ 
nal  expression  is: 

j  „  ii’q  Jso 

A(2.f)  = 

Notice  that  this  case  not  only  contains  the  factor  Sj  rather 
than  S,  but  that  the  effective  resolution  element  area  is  re¬ 
duced  by  one  half,  as  a  factor  governing  signal. 

C,  Gain  is  another  factor  which  needs  discussion.  It  ap¬ 
pears  through; 

1,  The  addition  of  an  intensifier  before  the  signal  genera¬ 
ting  tube. 

2,  The  introduction  of  a  suitable  target  in  tubes  such  as 
the  image  orthicon  and  isocon*  SEC  and  most  recently 
high  gain  silicon  (SEBIR)  tubes. 

3,  Electron  multipliers  in  return  beam  tubos. 

The  first  two  devices  provide  gain  with  a  minimum  of  band¬ 
width  f  corresponding  usually  to  matching  the  response  time  of 
the  human  and  TV  raster  periods,  respectively,  while  the  third 
is  wide  band  matching  the  video  requirements  imposed  by  the 
readout  beam  in  the  signal  generating  procet's. 

Selection  of  the  type  of  gain  device  needed  depends  upon 
the  nature  of  the  requirement.  For  example,  a  low  light  level 
device  needing  to  be  background  light  limited  could  use  an  In¬ 
tensifier,  followed  by  a  silicon  target.  Sufficient  gain  he . e 
would  ensure  that  the  noise  associated  with  background  photons 


would  predominate  over  any  noise  introduced  by  the  coupling 
network  and/or  the  preamplifier. 

The  vidicon  used  heretofore  as  our  model  does  not  normally 
provide  any  device  for  gain.  Gain  can  and  has  been  introduced 
however  by  addition  of  the  return  beam  multiplier*.  When  gain 
is  included,  the  signal  is  simply  enhanced  by  that  factor,  so 
that  Equation  (25)  can  be  rewritten  in  the  form: 


ll'q 


GrMSE 


(29) 


where : 


G 

E 

>pp 


=  gain 


1/  yi+(uT)*  and  is  called  the  electronic  function 
peak  to  peak  value  of  signal 


*  2  I. 


Noise  and  Signal  to  Noise  Ratios 


We  shall  examine  analytically  the  effects  ef  neise  frem  the 
backgreund,  beam  current  (shet)  and  Jehnsen  seurces  en  signal  te 
noise  ratios.  They  serve  to  illustrate  properties  in  common  as 
well  as  their  different  effects  particularly  on  frequency  de¬ 
pendence.  Noise  from  the  environment  for  infrared  sensitive 
tubes  and  from  the  lattice  (generation-recombination)  affect 
device  output  similar  to  background  noise.  Further,  if  noise 

in  signal  followed  Polssonian  statistics,  it  too  could  be  treated 
in  a  manner  similar  to  background. 

Gain  was  discussed  briefly  with  respect  to  Equation  {29). 

Its  importance  can  be  appreciated  more  fully  when  one  examines 
its  impact  on  noise.  In  the  background  noise  limiting  case 
where  photon  induced  noise  predominates,  gain  is  applied  equally 
to  the  signal  and  background  (noise)  photons,  so  that  it  cancels 
and  does  not  appear  in  the  signal  to  noise  ratio.  The  opposite 
occurs  when  the  noise  limiting  device  performance  arises  in  the 
coupling  network,  or  the  preamplifier,  and  gain  only  affects 
Signal,  There  is  also  an  intermediate  case,  when  one  wants  to 
improve  on  device  performance  by  making  use  of  a  return  beam 
multiplier.  This  device  adds  additional  gain  not  only  to  sig¬ 
nal,  but  also  to  the  shot  noise  from  the  scanning  electron  beam. 

It  is  a  profitable  procedure  up  to  the  point  where  beam  shot 
noise  exceeds  preamplifier  or  coupling  network  noise  (Johnson). 

These  comments  are  pertinent  to  the  signal  to  noise  ratios  de- 
rived  below. 


1.  Background  Noiae  current  can  be  obtained  from 

Equations  (14)  and  (2I)  of  Appendix  B.  One  should  note  that 
Equation  (I4)  was  used  for  the  recombination  process  necessary 
for  luminescence.  Here  it  applies  to  the  generation  process 
responsible  for  hole  production  and  associated  conductivity. 
Making  use  of  Equation  11,  in  Appendix  A,  in  conjunction  with 
Equations  23.  25  and  29,  it  is  possible  to  arrive  at  the  RMS 
value  of  the  background  noise,  ass 
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(30) 


Accordingly,  using  the  peak  to  peak  signal  obtained  from 
Equation  (29)  and  the  RMS  noise  from  Equation  (29),  the  signal 
to  noise  ratio  becomes s 


(31) 


where  =  rms  value  of  noise  current  induced  by  background 
photons, 

2.  Johnson  Noise  limited  photoelec tronic  imaging  devices 
is  generated  in  either  the  load  resistor,  coupling  network 

and/or  the  preamplifier.  When  purely  resistive,  it  can  be  ex. 
pressed  in  the  forms 


12? 


(32) 


where  R  is  the  effective  resistance.  However,  becaus<j  of  the 
various  sources  possible  for  generating  Johnson  noise,  it  will 
be  sufficient  to  express  it  here  in  the  general  forms 

^JN  *  /*’jn  *  (33) 

where  -  the  mean  square  fluctuation  in  current  per  unit 
bandwidth  caused  by  the  Johnson  noise. 

Gain  from  intensifiers ,  target  or  return  beam  multipliers 
does  not  apply  here,  so  that  the  signal  to  noise  ratio  derived 
from  Equation  (29)  and  (33)  becomes: 


.  UrTOq  iso_ 


SE 


(34) 


3.  Beam  Shot  Noise  Limited  -  This  source  of  noise  is  in¬ 
herent  in  electron  current  flow,  and  denoted  bys 


^ShN 


(35) 


where  =  beam  current  (mean  value).  Most  often  this  type  of 
noise  limiting  condition  prevails  when  a  return  beam  multiplier 
is  incorporated  in  the  tube  providing  sufficient  gain  to  ensure 
that  shot  noise  predominates  over  Johnson  noise.  Once  this  con¬ 
dition  is  met,  the  maximum  signal  to  noise  ratio  is  achieved. 
Further  gain  raises  signal  and  shot  noise  to  the 


same  extent , 


(2- 

so  that  there  is  no  further  Improvement  in  their  ratio.  Ac¬ 
cordingly,  we  will  use  Equation  (29)  for  signal  and  (35)  for 
noise  to  calculate : 

PP  =  .  (-a_)i  . 

^ShN  J2^ 


^  .  gE  (36) 
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APPENDIX  D 


I«  Introduction 

Of  considorabl®  concern  is  a  deteralnaticn  of  how  beat  to  evaluate 
and  specify  the  perfomanoe  of  image  tubes.  In  particular,  examination 
of  current  procedures  reveals  serious  problems  related  to  the  accuracy 
Of  measuring  output  video  signal  and  noise,  as  well  as  that  Imposed  by 
intermediate  optics  for  measuring  input  photon  flux  from  signal  and 
noise  sources.  For  high  light  level  conditions,  accuracy  in  measure¬ 
ments  tends  not  to  be  a  serious  matter.  However,  for  low  light  level 
condi  tions  where  one  wishes  to  know  how  much  useful  infomation  is  tinns. 
mltted  by  the  device,  regardless  of  the  source  of  limiting  noise,  the 
accuracy  of  measurements  and  the  manner  of  presenting  information  rele¬ 
vant  to  device  performance  becomes  increasingly  Important. 

The  current  procedure  used  in  Industry  is  described  by  Killer^.  The 
essence  of  the  procedure  is  to  generate  a  video  square  wave  signal  from 
a  bar  test  pattern  which  is  displayed  on  a  line  selector  A-scope.  "The 
output  signal  voltage  is  measured  between  the  average  voltage  fluctua¬ 
tions  of  the  video  base  line  and  the  average  voltage  fluctuations  at 
the  top  of  the  pulse.  The  noise  voltage  is  measured  without  an  input 
signal  on  the  camera  tube".  It  is  accomplished  by  Judging  the  width  of 
the  grass  envelope  displayed  and  dividing  this  value  by  six  to  obtain  an 
estimate  of  the  HMS  value.  The  purpose  of  our  program  is  to  Improve  on 


these  measuiTeinents •  In  general |  the  following  ideals  comprise  our  goals: 
1»  Precise  measurements  of  RMS  noise |  particularly  noise  in 
signal  under  noise  limited  conditions 
2«  Precise  measurements  of  peak  to  peak  signals  (square  wave)  as 
a  function  of  spatial  frequency 
3*  Signal  and  noise  spectra  in  terms  of  sinusoidal  response 
4*  Calculate  signal  to  noise  ratios  from  steps  1  and  2  above | 
and  similarly  in  step  3 

54  Calculate  the  detective  quantum  efficiency  as  a  function  of 
spatial  frequency^ 

The  instrumentation  for  steps  1  and  2  can  be  relatively  simple  and 
inexpensive  and  suited  to  the  small  laboratory.  Our  approach  to  step  3 
utilizes  a  computer  and  represents  a  much  more  substantial  experimental 
effort.  The  approaches  used  in  steps  1  and  2  are  described  in  II  belowy 
while  that  to  bo  used  for  steps  3  to  5  will  be  summarized  in  III, 

The  core  of  the  tost  system  is  a  Westlnghouse  tube  test  facility 
which  uses  a  line  selector  A~scope  typo  of  presentation.  Sampling  in¬ 
strumentation  has  been  added  for  the  determination  of  signal  and  noise 
as  described  in  steps  1  and  2  above |  in  particular  a  box  car  Integrator 
and  sampling  oscilloscope.  To  meet  the  requirements  of  steps  3f  4  and 
5»  the  test  facility  has  been  Interfaced  to  a  PDF— 9  computer  graphics 
facility  by  a  PEP  storage  terminal  for  line  scan  conversion  and  an 
HS-703  Computer  Labs  A/d  (analog  to  digital)  convertor, 

II,  Analog  P-P  Signal  and  RMS  Noise  Measurements 

The  device  used  for  measuring  peak  to  peak  signal  is  a  box  car 


Integrator  (2,3),  It  is  coinpaz*able  to  a  lock-ln-ampllfler ,  but  operates 
in  the  time  rather  than  the  frequency  domain.  The  purpose  of  this  in¬ 
strument  is  to  provide  a  noine  free  recorder  trace  of  the  signal  wave¬ 
form  y  particularly  in  noise  limiting  conditions  where  the  A-scope 
measurement  becomes  inaccurate.  Its  operation  is  described  in  Section  1 
below.  Corresponding  to  this  improvement  in  measuring  signal  however, 
is  a  loss  of  ability  to  measure  the  reduced  noise.  Measurement  of 
noise  requires  a  different  repetitive  sampling  and  integration  technique 
which  is  the  subject  of  Section  2, 

Signal  Recovery  with  a  Box  Car  Integrator 
A  simplified  block  diagram  is  shown  in  Fig.  la,  A  repetitive 
input  signal  is  required,  which  need  not  necessarily  be  periodic.  The 
input  waveform  is  sampled  at  the  repetition  frequency,  A  trigger  is 
provided  to  the  "box  car"  in  the  "same  manner  that  would  be  required 
for  good  high  speed  oscillographic  reproduction,  while  the  noise  is 
random  in  nature.  The  gate  intearval  At  represents  an  (on  time)  of  an 
electronic  switch,  during  which  the  signal  and  noise  voltage  is  fed 
directly  into  an  integrator.  By  sampling  successive  intervals  and 
averaging,  it  is  possible  to  reduce  the  noise-voltage  fluctuation  ob¬ 
served  at  the  integrator  output  without  affecting  the  signal  level. 
Quantitatively,  the  noise-voltage  fluctuations  are  reduced  by  l/  //U, 
where  N  is  the  number  of  observations  made  during  an  average  measurement. 
The  signal  to  noise  voltage  ratio  is  then  improved  by  the  square  root 
of*  N,  If  At  is  made  small  compared  to  the  signal  transient  time,  and 
is  slowly  and  uniformly  retarded  in  time  with  respect  to  signal  onset, 
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an  accurate  chart  record  of  the  algnal  wave  ahape  nay  be  produced”.  3 

The  bor  car  Integrator  uaed  was  a  PAR  Model  160,  manufactured  by 

Princeton  Applied  Research.  This  Instiunent  provides  an  adjustable 

sampling  gate  width  and  a  capability  of  positioning  the  sampling  gate 

anywhere  on  the  signal  wavefom.  m  addition,  it  provides  considerable 

flexibility  for  regulating  the  rate  at  which  the  gate  scans  across  the 
Signal  waveform. 


Tlje  Model  160  utilizes  RC  type  circuits  to  achieve  integration  and 
time  constants  which  are  adjustable  In  steps  from  3  nanoseconds  to  -00 
seconds.  The  time  constant  used  is  Important  because  It  will,  along 
With  the  sampling  gate  aperture,  determine  the  improvement  In  signal 

to  noise  Obtainable  and  also  experiment  time  required  to  recover  a 
point  or  waveform. 

The  system  utlUtlng  the  "box  car  Integrator"  Is  shown  In  Fig.  lb. 
In  practice,  the  user  views  the  test  pattern  displayed  on  the  -test  set” 
monitor.  He  positions  a  horizontal  strobe  line  on  the  monitor,  so  that 
crosses  the  part  of  the  test  pattern  to  be  measured.  The  strobe  line 
is  Obtained  by  delaying  the  vertical  sync  scan  pulse  with  a  continuously 
variable  delay  circuit.  The  video  signal  In  the  raster  line  selected 
by  the  positioning  of  the  strobe  line  Is  then  viewed  on  the  A-scope. 

The  strobe  trigger  Is  also  used  to  trigger  the  time  base  and  samp, 
ling  gate  of  the  box  car  Integrator.  The  trigger  to  the  sampling  gate 
la,  of  course,  delayed  again  by  the  box  car  to  allow  positioning  any- 
Where  on  the  line  beirig  viewed  on  the  A-scope, 

•Hiis  method  for  measurement  of  P-P  signal,  which  is  illustrated 
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in  Fig,  2,  was  compared  to  that  using  the  "box  car"  approach.  Fig,  2 
shows  an  A-scope  presentation  taken  with  a  typical  Polaroid  exposure. 

This  exposure  is  then  used  by  making  a  visual  measurement  between  the 
centers  of  the  average  noise  envelopes  at  the  minimum-maximum  levels, 

3  shows  the  results  obtainable  with  the  box  car  for  comparison 
with  signal  on  the  A-scope  in  Fig,  2  at  300  and  aoo  TV  lines. 

Measurements  made  using  the  box  car  integrator  at  high  signal  levels 
and  low  spatial  frequency  differed  only  slightly  from  those  made  using 
the  conventional  technique  under  the  same  conditions.  However,  the  box 
car  integrator  does  show  remarkable  improvement  over  the  conventional 
method  at  high  spatial  frequency  and  low  light  levels  where  noise  limit¬ 
ing  conditions  dominate. 

Because  the  box  car  integrator  is  capable  of  extracting  waveforms 
at  spatial  frequencies  approaching  resolution  limits  (corresponding  to 
small  signals  buried  in  nois-  ' ,  it  will  also  be  useful  as  a  tool  for 
analysis  of  signal  shapes  leading  to  a  better  understanding  of  the  elec- 
•  tronic  mechanisms  involved  in  signal  generation, 

2a,  PMS  Noise  Measuring  Technique  (Analog) 

The  discussion  that  follows  describes  a  precise,  non— subjective 
method  for  measuring  the  HMS  magnitude  of  a  non- synchronous  waveform 
(noise)  added  to  a  synchronous  input  waveform  (video  signal).  Its  suc¬ 
cessful  operation  requires  only  that  the  input  waveform  be  stationary 
and  repetitive.  Sampling  techniques  are  used  which  provide  wide  band¬ 
width  (l2,4  GHz),  good  accuracy,  a  maximum  data  accumulation  rate  of 
3600  samples/minute  and  which  m8ike  no  requirements  on  the  type  of  stat¬ 
istics  governing  noise  or  of  the  shape  of  the  sampled  waveform. 


The  principal  nethod  currently  used  for  measuring  noise  is  that 

1 

standardized  by  the  IRE  and  described  in  the  introduction  •  An  improve¬ 
ment  on  the  above,  developed  by  Jensen  and  Fawcett^'  at  Westinghouse , 
made  use  of  a  clamping  circuit  to  remove  blanking  pulses  from  th^  video 
signal.  Then,  assuming  uniform  target  and  input  irradiance ,  this  signal 
was  fed  to  a  standard  PJ^IS  voltmeter,  the  output  of  which  was  corrected 
for  duty  factor. 

T/e  have  attempted  to  improve  on  the  above  methods  by  developing  a 
technique  in  which  the  only  requirement  is  tiiat  the  test  patteim  be 
stationary  for  one  half  of  a  minute.  The  sampling  technique  used  here 
is  directly  analogous  to  the  familiar  stroboscopic  technique  used  with 
rotating  machinery  where  a  dynamic  phenomenon  is  made  to  apparently 
stand  still  by  looking  at  it  only  when  it  is  in  the  same  position  each 
time.  The  signal  portion  of  the  video  output  which  is  synclironised  with 
the  sampling  strobe  corresponds  to  a  rotating  shaft  in  the  above  analogy, 
while  bearing  chatter  would  be  an  analogous  example  of  noise.  Since 
the  signal  appears  in  the  same  position  each  time,  it  will  appear  as  a 
constant  level  superimposed  on  wliich  are  added  the  fluctuations  caused 
by  noise.  Sampling  gate  time  is  very  short  (ss  10“^^  sec)  compared  to 
the  highest  frequencies  encountered  (»«  12  MHz),  so  that  we  can  consider 
the  sampled  voltage  as  the  instantaneous  value  of  signal  plus  noise  at 
that  time.  From  these  samples  we  can  construct  an  ensemble  of  voltages, 

the  RMS  value  of  which  is  given  by: 

N 

^  “  U  (’'i  -  *)  ]  *  w 
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where  equals  signal  s(t)  plus  noise  n(t)  at  each  sample  time  and  X 
is  the  signal  s(t). 

By  Instrumental  design  the  signal  level  can  become  the  reference 
level  and  adjusted  to  a  zero  voltage  level  (discussed  below).  Thus »  the 
noise  expression  becomes: 


a 


(2) 


where  nj^(t)  is  the  sample  X^  -  X  from  frame  1» 

The  solution  of  the  above  equation  was  first  accomplished  with  analog  ^nd 
then  digital  computer  type  circuitry,  which  are  described  below. 

The  analog  circuitry  is  depicted  by  the  steady  state  block  diagram 
of  Fig,  The  heart  of  this  noise  measuring  system  is  a  Hewlett  Packard 
1400  series  sampling  oscilloscope.  It  is  a  dual  trace  12,/;.  GHz  scope 
with  delayed  sweep  time  base,  chart  recorder  output  and  manual  position¬ 
ing  of  the  sampling  point  which  makes  the  oscilloscope  very  attractive 
for  this  application. 

The  scope  acts  as  the  sample  and  hold  circuit  shown  in  Fig,  pro¬ 
viding  an  output  voltage  which  is  held  for  one  sixtieth  of  a  second  (one 
field  period).  Since  the  gain  of  the  oscilloscope  from  input  to  output 
is  one  half,  an  amplifier  was  required  to  obtain  an  overall  gain  of 
unity.  The  amplifier  output  is  then  fed  to  a  squaring  device  (PAR  230) 
every  time  a  sample  is  taken.  Since  statistical  variations  about  the 
video  signal  are  sought,  the  signal  level  is  adjusted  to  zero.  Tliis  is 
accomplished  by  positioning  the  trace  on  the  scope  so  that  the  average 
variation  of  the  waveform  about  the  zero  volt  level  is  zero,  Circuitr . 
for  this  purpose  is  described  below. 
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A  trigger  signal  corresponding  to  a  selected  raster  line  is  obtained 
from  the  camera  tube  test  set  and  is  used  to  trigger  simultaneously  the 
oscilloscope  and  a  counting  circuit.  This  counting  circuit  controls  a 
gate  which  controls  the  input  to  an  integrator.  Through  the  gate  is  fed 
the  output  of  the  squaring  device.  The  time  constant  of  the  integrator 
is  chosen  so  that  if  the  integrator  gate  is  enabled  for  2000  one-sixtieth 
of  a  second  samples,  the  output  of  the  integrator  will  correspond  to  the 
mean  sum  of  its  input  waveform.  Since  the  input  waveform  was  the  in¬ 
stantaneous  noise  levels  squared,  we  now  have  the  mean  squared  value 
at  the  integrator  output. 

The  RMS  value  is  obtained  by  applying  the  output  fi’om  the  integrator 
to  a  device  which  takes  the  square  root  and  then  displaying  the  results 
on  a  digital  voltmeter. 

To  remove  the  uncertainty  in  positioning  the  trace  on  the  scope  and 
to  compensate  for  slow  DC  drift  of  the  pedestal,  a  circuit  was  added 
which  generates  an  error  signal  proportional  to  the  mean  of  the  input 
waveform  by  summing  the  output  of  the  oscilloscope.  Since  any  DC  level 
which  appears  represents  a  shift  of  the  trace  from  zero  mean,  this  error 
voltage  is  subtracted  f?.’om  the  video  input  voltage.  This  is  easily  ac¬ 
complished  by  feeding  the  video  signal  into  Channel  A  of  the  scope,  the 
offset  into  Channel  B  and  subtracting  the  two  in  the  scope. 

The  limiting  accuracy  of  this  analog  system  is  about  4°/o.  Thus 

••k 

the  smallest  signal  detectable  through  6,5  nanoamperes  of  noise  is  about 
2,  4  ziA, 
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2b,  HMS  Noise  Measuremont  Technique  (Digital) 

To  measure  RMS  noise  by  digital  means,  the  sampling  oscilloscope 
has  been  Interfaced  with  the  University's  PDP-9  Computer  Graphic  Facility 
which  is  equipped  with  an  A/D  converter.  This  system  is  much  simpler 
in  hardware,  the  only  components  being  the  scope,  computer  and  a  low 
frequency  buffer  amplifier  to  match  the  scope  output  to  the  A/D  input. 
Equation  (l)  can  be  rewritten  as: 


by  expanding  the  parenthetical  expression  and  combining  terms.  The 

computer  A/D  converts  2000  samples  and  stores  them  in  succesfiive  loca- 

"2 

tions  in  memory.  Then  X  ,  X  and  finally  a  are  calculated  and  the  RI»iS 
value  is  printed  out.  There  are  several  advantages  to  this  method. 

a)  The  A  to  D  converter  is  very  accurate  (,025°/o), 

b)  There  is  no  necessity  for  positioning  the  trace  to  zero  on  the 
scope  screen  or  being  concerned  about  D.C,  levels  or  slow 
drifts  which  were  a  problem  a.n  the  analog  system,  since  any  • 
D.C.  level  appears  in  X  and  its  effects  are  eliminated  mathe¬ 
matically, 

c)  Fewer  demands  are  made  upon  the  sampling  oscilloscope  perhaps 
permitting  use  of  one  that  would  be  less  expensive. 

d)  The  sampling  rate  is  variable  giving  a  choice  of  sampling  every 
frame  or  every  field,  as  is  N,  the  number  of  samples  taken. 

e)  The  calculated  X  represents  the  signal  level  plus  a  constant  at 

a  point  on  the  waveform,  A  measurement  is  first  made  at  a  pointy 
on  the  waveform  (S^+C)  and  then  at  a  point  on  a  bar  (Sj^+C), 
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where  S^.  is  the  signal  at  an  illuminated  portion  of  the  photo¬ 
cathode  f  Sjj  is  the  signal  from  a  dark  portion  and  C  is  a  con¬ 
stant*  When  the  difference  is  formed «  the  constant  falls  out 
and  we  are  left  with  the  peak  to  peeik  signal. 

f)  The  amplitude  distribution  of  the  noise  can  be  obtained  by  com¬ 
paring  each  input  sample  with  an  array  of  bins ,  each  one  re¬ 
presenting  a  AI,  and  incrementing  the  level  of  the  bin  in  which 
the  input  falls.  The  bins  are  then  displayed  on  the  graphics 
terminal. 

An  absolute  accuracy  of  a  measurement  of  tills  type  is  difficult  if 
not  impossible  to  specify,  due  to  the  statistics  involved.  What  is 
usually  done  is  to  define  a  probable  error,  r,  such  that  the  probability 
is  1/2  that  a  measurement  would  lie  within  the  interval  ^  r.  Figure  5 
shows  the  distribution  of  errors  for  a  series  of  measurements,  each  one 
of  2000  samples.  Reference  to  this  curve  indicates  that  the  probable 
error  is  ^  1.5°/o  (or  the  measurement  will  be  within  1.5°/o  fifty  per¬ 
cent  of  the  time). 

The  D.C.  accuracy  of  the  digital  system  is  m  l°/o  down  to  2.5  mv 
which  corresponds  to  a  .  5nA  noise  current.  The  uncertainty  of  the  RMS 
measurement  is  the  sum  of  the  uncertainties  due  to  this  error  plus  those 
due  to  sampling  discussed  above.  The  sum  of  the  system  error  and  the 
statistical  error  indicates  that  of  the  measurements  will  be  with¬ 

in  2,5  /o.  This  figure  can  be  improved  upon  by  taking  more  samples, 
which  will  decrease,  the  size  of  r  discussed  above,  A  trade-off  exists 
between  experiment  time  and  tolerable  error. 
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With  a  6.3  nA  noise  current  in  the  preamp-amp  combination  the  smal¬ 
lest  input  or  tube  noise  current  that  could  be  detected  would  be  about 
InA, 

Calculation  of  the  noise  for  the  first  stage  of  our  tube  type  pre¬ 
amplifier  indicates  that  the  noise  to  be  expected  with  a  15MHz  bandwidth 
would  be  10,9  nA  and  at  10  MHz  would  be  6,0  nA,  The  measured  noise  at 
15  MHz  was  12  nA  and  at  10  MHz  was  6.5  nA. 

Peak  to  peak  signal  levels  can  also  be  measured  readily  with  this 
digital  technique  and  compared  with  those  obtained  from  "box  cars”,  as 
shown  in  Table  I, 

Box  Car  Sampling 

Oscilloscope 

300  TV  Lines  23,2  nA  23,7 

400  TV  Lines  15. 8  nA  15.2 

The  accuracy  of  the  last  decimal  point  using  the  sampling  oscilloscope  is 
uncertain.  However,  it  offers  tremendous  advantage  in  the  time  required 
to  make  a  measurement  compared  to  the  ”box  car".  The  latter,  however, 
can  readily  provide  an  accurate  measurement,  and  detailed  waveform  with¬ 
out  the  requirement  of  a  digital  computer.  On  the  other  hand,  the  need 
of  a  digital  computer  with  the  sampling  oscilloscope  need  not  be  a  severe 
drawback,  since  a  new  acceptable  TI  mini-computer  has  appeared  on  the  mar¬ 
ket  for  ^2,800. 

Ill,  Digital  System  for  Detailed  Evaluation  of  Image  Tubes 

This  portion  of  the  paper  will  describe  a  system  which  is  beixig 
developed  to  measure  the  performance  of  signal  generating  tubes  using  a 
digital  computer.  The  motivation  for  developing  such  a  digital  system 
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is  that  a  more  detailed  and  flexible  analysis  of  the  data  can  be  per¬ 
formed  than  is  possible  with  analog  methods.  It  will  provide  initially 
detailed  computation  of  the  devices  signal  and  noise  characteristics  in 
terms  of  sinusoidal  spatial  frequencies,  as  derived  from  bar  type  test 
patterns.  Further,  its  output  will  include  a  calculation  of  signal  to 
noise  ratio  (SNR) ,  Detective  Quantum  Efficiency,  and  be  referenced  to 
input  signal  based  on  photon  flux, .  In  addition,  the  computer  will  be 
programmed  to  provide  a  user  with  information  referenced  to  photometric 
or  radiometric  units  where  applicable  and  requested. 

The  status  of  this  system  is  that  all  components  have  been  installed 
for  interfacing  the  tube  test  set  and  computer,  and  are  undergoing  eval¬ 
uation  tests  for  optimization.  This  work  is  described  below, 

1,  System  Operation 

Fig,  6  is  a  block  diagram  of  the  system  which  consists  of  the  tube 
and  its  associated  test  set  (see  introduction),  a  digital  computer  and 
the  interface  between  them.  The  interface  is  necessary  to  reduce  the 
rate  at  which  the  video  signal  is  sent  (hence  its  bandwidth)  compatible 
with  the  input  capabilities  of  the  computer.  The  computer,  a  Digital 
Equipment  Corporation  PDP-9»  has  a  maximum  input  rate  of  1  million  data 
words  per  second  via  its  direct  memory  access  (DMA)  channel, 

A  TV  rate  video  signal  obviously  caimot  be  adequately  sampled  at  a 
1  MHz  rate  because  of  its  much  larger  bandwidth.  By  using  a  storage 
terminal,  heire  a  Princeton  Electronic  Products  Model  400,  the  video  can 
be  stored  and  subsequently  read  out  at  the  desired  slower  rate.  Storage 
and  read  out  are  governed  by  the  control  unit.  In  typical  operation  the 


storage  terminal  is  first  erased  and  then  one  raster  written  at  the  TV 
rate  with  the  unit  synchronized  to  the  camera  tube.  External  drives  are 
then  applied  to  the  storage  terminal  at  a  slower  rate  for  read  opt.  Ver¬ 
tical  drive  is  a  10  bit  d/a  converter  which  can  be  set  to  either  scan, 
producing  a  sawtooth-like  waveform,  or  stay  and  reread  at  the  same  line. 
Horizental  drive  is  a  sawtooth  whose  amplitude,  DC  offset  level  and  fre¬ 
quency  are  Independently  adjustablei  During  read  out,  by  adjusting  these 
drive  controls,  several  lines,  one  line  or  parts  of  a  line  in  the  stored 
image  can  be  read  out  and  sent  to  the  computer.  Note  that  since  the 
sampling  rate  is  constant  (1  MHz),  tko  sampling  density  is  controlled  by 
the  amplitude  and  frequency  of  the  horizontal  drive. 

The  selected  portion  of  the  stored  raster  image  is  read  out,  a/d 
converted  into  a  7  bit  integer  and  sent,  via  the  DMA  channel,  to  the 
computer  memory.  Control  of  the  DMA  channel  is  shared  by  the  control 
unit  and  the  program  which  is  processing  the  data.  The  number  of  data 
words  desired  and  their  storage  location  in  memory  are  set  at  the  control 
unit,  and  when  the  program  requests  data,  the  control  unit  initiates  the 
transfer.  The  program  then  goes  to  the  proper  location  and  stores  the 
data  on  magnetic  tape  in  FORTRAN  compatible  records,  after  presenting  it 
on  the  display  terminal.  The  display  terminal  is  a  special  purpose  com¬ 
puter  driving  a  CRT  with  1024  x  1024  addressable  points.  It  is  an  es¬ 
pecially  powerful  and  convenient  feature.  Data  can  be  displayed  here 
r  evaluation  as  soon  as  it  is  taken  and  permit  immediate  modification 
of  the  experiment,  if  necessary.  Similarly,  results  of  calculations 

the  data  or  the  processing  programs  themselves  can  be  displayed  and 
edited. 
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The  transfer  function  of  the  interface  is  not  unity  for  all  frequen¬ 
cies  of  interest  and  requires  compensation.  The  transfer  function  of 
the  storage  terminal  (as  furnished  by  its  manufacturer)  is  shown  in  Fig¬ 
ure  7,  Also  shown  is  the  product  of  storage  terminal  and  the  video  am¬ 
plifier  response  curve.  Comparison  of  actual  data  and  data  generated 
using  a  low  pass  filter  model  of  this  video  channel  indicate  that  at  pre¬ 
sent  the  response  of  the  terminal  is  considerably  worse  than  this  curve 
predicts.  This  is  attributed  to  mlsadjustments  made  during  the  installa¬ 
tion  of  the  interface  and  is  correctable  by  realigning  the  unit. 

In  preliminary  measurements  signal  currents  of  approximately  I5  nA 
could  be  resolved.  This  should  improve  when  the  PEP-400  is  properly 
aligned,  and  adjusted  to  use  the  full  range  of  the  A/D  converter  Instead 
of  the  present  reduced  range  (only  I/8  to  1/4  of  full  scale), 

2,  Signal  Processing 

This  section  indicates  how  the  sine  wave  response  of  the  tube  is 
calculated  from  the  collected  data  and  is  representative  of  the  type  of 
calculations  which  are  performed.  The  video  waveform  out  of  the  storage 
terminal  is  represented  as  v(t )  =  s( t)  +  n(t) ,  where  s(t)  is  the  signal 
component  and  n(t)  the  noise. 

The  noise  is  assumed  Gaussian  and  can  be  represented  by  its  mean  m 
2 

and  variance  d  ,  The  mean  is  assumed  to  be  zero,  since  it  is  indisting¬ 
uishable  from  the  pedestal.  Now  with  the  tube  looking  at  a  Limansky  test 
chart,  we  take  N  samples  of  a  video  line,  then  M  scans  of  this  line  (on 
successive  rasters)  and  store  them  to  generate  an  array  of  data  which 
can  be  represented  by: 

Vj(k)  a  s(k)  +  nj(k) 


^-15 


where  k  *  1|2,3,««,,,N 
j  ■  1,2,3, . M 


By  averaging  the  data  from  successive  lines  T(k) ,  an  estimate  of  s(k) 
can  be  formed  as  shown  below: 

M  M 

M  M 

“si  ®(^")  S  I  *  ®(J")  +  n'(k)  (4) 

J«1  j*l 

The  n'(k)  themselves  are  Gaussian  distributed  but  have  RMS  value  «  ff/vfT 

(assuming  that  noise  on  successive  lines  is  statistically  independent). 

Clearly  as  M-kx.,  v(k)  ^  s(k),  The  value  of  M  depends  on  how  good  an  es¬ 
timate  of  s(k)  is  desired  and  a  of  the  original  noise.. 

Assuming  a  suitable  value  of  M  has  been  used  to  get  a  good  approxi¬ 
mation  v(k)  to  s(k),  this  can  now  be  used  as  follows  to  compute  sine 

wave  response  of  the  tube.  The  Fourier  transform  V(f)  can  be  found  using 
the  FPT  algorithm  on  v(k)^. 

Assuming  linearity,  it  can  be  seen  from  Fig.  6  that  the  sine  wave 
response  of  the  tube  S(f)  is  given  by 

“  CCf^nlf)  (5) 

where  H(f)  is  the  curve  of  Fig.  7  and  C(f)  of  the  frequency  spectrum  of 
the  bar  chart  if  read  by  an  ideal  tube  at  the  TV  rate.  The  denominator 
can  be  calculated  analytically,  but  is  more  conveniently  done  on  the 
computer  by  simulating  the  bar  chart. 

It  should  be  mentioned  that  V(f)  will  have  errors  in  it  because 


of  the  noise  which  still  wss  present  in  v(k).  To  minimize  the  effect 
of  these  errors,  the  amplitude  C{f)  should  be  high  for  all  f  and  rela- 
tively  constant.  This  is  not  the  case  with  the  present  bar  chart.  Dn- 
der  investigation  is  a  new  chart  based  on  pseudo  random  sequences  which 
is  better  suited  to  our  system. 

In  Figs.  8a  and  8b  are  shown  the  results  of  some  data  collection 
experiments.  These  photographs  taken  from  the  display  terminal  show  a 
pulse  and  300  KHz  sine  wave  which  were  injected  at  the  video  amplifier 
input.  At  the  input  to  the  storage  terminal  both  had  peak  to  peak  am¬ 
plitudes  of  200  nA.  Note  that  in  the  photographs  both  signal  and  noise 
are  clearly  visible.  Considerable  improvement  in  the  quality  of  data 
is  expected  when  the  storage  terminal  is  realigned  and  as  the  system  is 

fully  developed. 
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FIGURE  8b 


The  following,  Appendix  II,  was  published  as  a 
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METHODS  FOR  EVALUATING  CAMERA  TUBES 
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I*.  Introduction 

Of  considerable  concern  is  a  deteimination  of  how  best  to  evaluate 
and  specify  ,;he  performance  of  image  tubes.  In  particular,  examination 
of  current  procedures  reveals  serious  problems  related  to  the  accuracy 
^  Of  measuring  output  video  signal  and  noise,  as  well  as  in  accurately 
measuring  input  photon  flux  from  signal  and  noise  sources.  For  high 
light  level  conditions,  accuracy  in  measurements  tends  not  to  be  a 
serious  matter.  However,  for  low  light  level  conditions  where  one 
Wishes  to  know  how  much  useful  Information  is  transmitted  by  the  de¬ 
vice.  regardless  of  the  source  of  limiting  noise,  the  accuracy  of  meas¬ 
urements  and  the  manner  of  presenting  information  relevant  to  device 
performance  becomes  increasingly  important. 

The  current  procedure  used  in  Industry  is  described  by  Miller^  The 
essence  of  the  procedure  is  to  generate  a  video  square  wave  signal  from 
a  bar  test  pattern  which  is  displayed  on  a  line  selector  A-scope.  -The 
output  signal  voltage  is  measured  between  the  average  voltage  fluctua¬ 
tions  of  the  Video  base  line  and  the  average  voltage  fluctuations  at 
the  top  of  the  pulse.  The  noise  voltage  is  measured  without  an  input 
signal  on  the  camera  tube".  It  is  accomplished  by  Judging  the  width  of 

the  grass  envelope  displayed  and  dividing  this  value  by  six  to  obtain  an 
estimate  of  the  RMS  value.  The  purpose  of  our 


program  is  to  improv©  on 
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these  measurements.  In  general,  the  following  ideals  comprise  our  goals 

1.  Precise  measurements  of  RMS  noise,  particularly  noise  in 
signal  under  noise  limited  conditions 

2.  Precise  measurements  of  peak  to  peak  signals  (square  wave)  as 
S’  function  of  spatial  frequency 

3.  Signal  and  noise  spectra  in  terms  of  sinusoidal  response 
Calculate  signal  to  noise  ratios  from  steps  1  and  2  above, 
and  similarly  in  step  3 

5.  Calculate  the  detective  quantum  efficiency  as  a  function  of 
spatial  frequeilcyi 

The  instrumentation  for  steps  1  and  2  can  be  relatively  simple  and 
inexpensive  and  suited  to  the  small  laboratory.  Our  approach  to  stop  3 
utilises  a  computer  and  represents  a  much  more  substantial  experimental 
effort.  The  approaches  used  in  steps  1  and  2  are  described  in  II  below, 
while  that  to  be  used  for  steps  3  to  5  will  be  summarized  in  III. 

The  core  of  the  test  system  is  a  Westinghouso  tube  test  facility 
which  uses  a  lino  selector  A-scope  type  of  presentation.  Sampling  in¬ 
strumentation  has  been  added  for  the  detenninatlon  of  signal  and  noise 
as  described  in  steps  1  and  2  above,  in  particular  a  box  car  integrator 
and  sampling  oscilloscope.  To  meet  the  requirements  of  steps  3,  and 
5,  the  test  facility  has  boon  interfaced  to  a  PDP-9  computer  graphics 
facility  by  a  PEP  storage  toiminal  for  line  scan  conversion  and  an 
HS-703  Computer  Labs  a/d  (analog  to  digital)  converter. 

II.  Analog  P-P  Signal  and  RMS  Noise  Measurements 

The  device  used  for  measuring  peak  to  peak  signal  is  a  box  car 
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integrator  (a,3).  It  Is  ccparaMe  to  a  loc.-l„-as.plllior.  but  operates 
in  the  tl.o  rather  than  the  frequency  domain.  The  purpose  of  this  in. 
atn.ment  Is  to  provide  a  noise  free  recorder  trace  of  the  signal  wave- 
font,  particularly  in  noise  limiting  conditions  where  the  A-scepe 
measurement  hecemes  inaccurate.  Its  operation  is  described  in  Section  1 
below.  Corresponding  to  this  improvement  in  measuring  signal  however, 
is  a  loss  of  ability  to  measure  the  reduced  noise.  Measurement  of 

noise  requires  a  different  repetitive  sampling  and  integration  technique 
which  is  the  subject  of  Section  2, 

1.  Signal  Recovery  with  a  Bor  Car  Integrator 

A  Simplified  block  diagram  is  shown  in  Fig.  la.  A  repetitive 

input  Signal  is  required,  which  need  not  necessarily  be  periodic.  The 

input  waveform  is  sampled  at  the  renetltinn 

repetition  frequency,  A  trigger  is 

provided  to  the  -her  oar”  in  the  same  manner  that  would  be  required 
for  good  high  speed  esoillegraphio  reproduction.  The  gate  interval 
At  represents  an  -on  time-  of  an  eleotrenio  switch,  during  which  the 
elgnal  and  noise  voltage  is  fed  directly  into  an  integrator.  By 
campling  successive  Intervals  and  averaging,  it  is  possible  to  re. 
duce  the  nolse-vcltage  fluctuation  observed  at  the  Integrator  out¬ 
put  Without  affecting  the  signal  level,  ^antltatively,  the  noise, 
voltage  fluctuations  are  reduced  by  1/  /n,  where  N  is  the  number 
Of  Observations  made  during  an  average  measurement.  The  signal  to 
noise  voltage  ratio  is  then  improved  by  the  square  root  of  N.  if 
At  is  made  small  compared  to  the  signal  transient  time,  and  is 
elewly  and  uniformly  retarded  in  time  with  respect  to  signal  onset. 
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an  accurate  chart  record  of  the  signal  wave  shape  may  be  produced 

The  box  car  integrator  used  was  a  PAR  Model  160,  manufactured  by 
Princeton  Applied  Research.  This  instrument  provides  an  adjustable 
sampling  gate  width  and  a  capability  of  positioning  the  sampling  gate 
anywhere  on  the  signal  wavefoim.  In  addition,  it  provides  considerable 

flexibility  for  regulating  the  rate  at  which  the  gate  scans  across  the 
signal  waveform. 

The  Model  160  utilizes  RC  type  circuits  to  achieve  integration  and 
time  constants  which  are  adjustable  in  steps  from  3  nanoseconds  to  100 
seconds.  The  time  constant  used  is  important  because  it  will,  along 
with  the  sampling  gate  aperture,  determine  the  improvement  in  signal 
to  noise  obtainable  and  also  the  experiment  time  required  to  recover  a 
point  or  waveform. 

The  system  utilizing  the  "box  car  integrator"  is  shown  in  Fig,  lb. 
In  practice,  the  user  views  the  test  pattern  displayed  on  the  "test  set" 
monitor.  He  positions  a  horizontal  strobe  line  on  the  monitor,  so  that 
it  crosses  the  part  of  the  test  pattern  to  be  measured.  The  strobe  line 
is  obtained  by  a  pulse  delayed  from  the  vertical  sync  scan  pulse  with  a 
continuously  variable  delay  circuit.  The  video  signal  in  the  raster 

line  selected  by  the  positioning  of  the  strobe  line  is  then  viewed  on 
the  A-scope, 

The  strobe  trigger  is  also  used  to  trigger  the  time  base  and  samp¬ 
ling  gate  of  the  box  car  integrator.  The  trigger  to  the  sampling  gate 
is,  of  course,  delayed  again  by  the  box  car  integrator  to  allow  posi¬ 
tioning  anywhere  on  the  line  being  viewed  on  the  A-scope. 

The  conventional  "A-scope"  method  for  measurement  of  P-P  signal  ' 
which  xs  illustrated  in  Fig,  2,  was  compared  to  that  using  the  "box  car" 
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approach.  Fig,  2  shows  an  A-scope  presentation  taken  with  a  typical 
Polaroid  exposure.  This  exposure  is  then  used  by  making  a  visual 
measurement  between  the  centers  of  the  average  noise  envelopes  at 
the  minimiam  and  msuclmum  levels. 

Fig.  3  shows  the  results  obtainable  with  the  box  car  integrator  for 
comparison  with  signal  on  the  A-scope  in  Fig.  2  at  300  and  400  TV  lines. 

Measurements  made  using  the  box  car  integrator  at  high  signal  levels 
and  low  spatial  frequency  differed  only  slightly  in  apparent  accuracy 
from  those  made  using  the  conventional  technique  under  the  same  condi¬ 
tions,  However,  the  box  car  integrator  does  show  remarkable  improvement 
in  readability  over  the  conventional  method  at  high  spatial  frequency 
and  low  light  levels  where  noise  limiting  conditions  dominate. 

Because  the  box  car  integrator  is  capable  of  extracting  waveforms 
at  spatial  frequencies  approaching  resolution  limits  (corresponding  to 
small  signals  burled  in  noise),  it  will  also  be  useful  as  a  tool  for 
analysis  of  signal  shapes,  leading  to  a  better  understanding  of  the  elec¬ 
tronic  mechanisms  involved  in  signal  generation. 

2a,  KMS  Noise  Measuring  Technique  (Analog) 

The  discussion  that  follows  describes  a  precise ,  non— subjective 
method  for  measuring  the  RMS  magnitude  of  a  non- synchronous  waveform 
(noise)  added  to  a  synchronous  input  waveform  (video  signal).  Its  suc¬ 
cessful  operation  requires  only  that  the  input  waveform  be  stationary 
and  repetitive.  Sampling  techniques  are  used  which  provide  wide  band¬ 
width  (l2.4  GHz),  good  accuracy,  a  maximum  data  accumulation  rate  of 
3600  samples/minute  and  which  maike  no  assumptions  about  the  type  of 
statistics  governing  noise  or  of  the  shape  of  t..e  sampled  waveform. 
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The  principal  method  currently  used  for  measuring  noise  is  that 
described  in  the  introduction^.  An  improvement  on  the  above,  de. 
veloped  by  Jensen  and  Fawcett'*  at  Westinghouse ,  made  use  of  a  clamp¬ 
ing  circuit  to  remove  blanking  pulses  from  the  video  signal.  Then, 
assuming  uniform  target  and  input  irradianoe,  this  signal  was  fed 

to  a  standard  EMS  voltmeter,  the  output  of  which  was  corrected  for 
duty  factor. 

We  have  attempted  to  improve  on  the  above  methods  by  developing 
a  technique  in  which  the  only  requirement  is  that  the  test  pattern 
be  stationary  for  a  minute.  The  sampling  technique  used  here  is 
directly  analogous  to  the  familiar  stroboscopic  technique  used  with 
rotating  machinery  where  a  dynamic  phenomenon  is  made  to  appear  stat¬ 
ionary  by  looking  at  it  only  when  it  is  in  the  same  position  each 
time.  The  signal  portion  of  the  video  output  which  is  synchronised  with 
the  sampling  strobe  corresponds  to  a  rotating  shaft  in  the  above  analogy 
while  bearing  chatter  would  be  an  analogous  example  of  noise.  Sine, 
the  Signal  appears  in  the  same  position  each  time,  it  will  appear  as  a 
constant  level  superimposed  on  which  are  added  the  fluctuations  caused 
by  noise.  Sampling  gate  time  is  very  short  lo'^  sec)  compared  to 
the  highest  frequencies  encountered  12  MHz) .  so  that  we  can  consider 
the  sampled  voltage  as  the  instantaneous  value  of  signal  plus  noise  at 
that  time.  From  these  samples  we  can  construct  an  ensemble  of  voltages, 
the  RMS  value  of  whose  fluctuation  is  given  by, 


N 


1=1 


where  X  =  i  )  X 
N  d 


(1) 


i=l 
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where  equals  the  "instantaneous"  value  of  signal  s(t)  plus  noise 
n(t)  at  each  seunple  time  and  X  is  the  "stationary"  signal  s(t)« 

By  instrumental  design  the  signal  level  can  become  th<  reference 
level  and  adjusted  to  a  zero  voltage  level  (discussed  below).  Thus,  the 
noise  expression  becomes: 

where  nj|^(t)  is  the  sample  X^^^  -  X  from  frame 

The  solution  of  the  above  equation  was  first  accomplished  with  analog  and 
then  digital  computer  type  circuitry,  which  are  described  below. 

The  analog  circuitry  is  depicted  by  the  steady  state  block  diagram 
of  Fig,  4*  The  heart  of  this  noise  measuring  system  is  >a  Hewlett  Packard 
1400  series  sampling  oscilloscope^  It  is  a  dual  trace  12,4  GKz  scope 
with  delayed  sweep  time  base,  chart  recorder  output  and  manual  position¬ 
ing  of  the  sampling  point  which  makes  the  oscilloscope  very  attractive 
for  this  application. 

The  scope  acts  as  the  sample  and  hold  circuit  shown  in  Fig,  Ll,  pro¬ 
viding  an  output  voltage  which  is  held  for  one  sixtieth  of  a  second  (one 
field  period).  Since  the  gain  of  the  oscilloscope  from  input  to  output 
is  one  half,  an  amplifier  was  required  to  obtain  an  overall  gain  of 
unity.  The  amplifier  output  is  then  fed  to  a  squaring  device  (PAR  230) 
every  time  a  sample  is  taken.  Since  statistical  variations  about  the 
video  signal  are  sought,  the  signal  level  is  adjusted  to  zero.  This  is 
accomplished  by  positioning  the  trace  on  the  scope  so  that  the  average 
variation  of  the  waveform  about  the  zero  volt  level  is  zero.  Circuitry 
for  this  purpose  is  described  below. 
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A  trigger  signal  corresponding  to  a  selected  raster  line  is  obtained 
from  the  camera  tube  test  set  and  is  used  to  trigger  simultaneously  the 
oscilloscope  and  a  counting  circuit.  This  counting  circuit  controls  a 
gate  which  controls  the  input  to  an  integrator.  Through  the  gate  is  fed 
the  output  of  the  squaring  device.  The  time  constant  of  the  integrator 
is  chosen  so  that  if  the  integrator  gate  is  enabled  for  2000  one-sixtieth 
of  a  second  samples,  the  output  of  the  integrator  will  correspond  to  the 
mean  sum  of  its  input  waveform.  Since  the  input  waveform  was  the  in¬ 
stantaneous  noise  levels  squared,  we  now  have  the  mean  squared  value 
at  the  integrator  output. 

The  RMS  value  is  obtained  by  applying  the  output  from  the  integrator 
to  a  device  which  takes  the  square  root  and  then  displaying  the  results 
on  a  digital  voltmeter. 

To  remove  the  uncertainty  in  positioning  the  trace  on  the  scope  and 
to  compensate  for  slow  DC  drift  of  the  pedestal  circuit  in  the  test  set 
video  eunplifier,  a  circuit  was  added  which  generates  an  error  signal 
proportional  to  the  mean  of  the  input  waveform  by  summing  the  output 
of  the  oscilloscope.  Since  any  DC  level  which  appears  represents  a 
shift  of  the  trace  from  zero  mean,  this  error  voltage  is  subtracted  from 
the  video  input  voltage.  This  is  easily  accomplished  by  feeding  the 
video  signal  into  Channel  A  of  the  scope,  the  offset  into  Channel  B 
and  subtracting  the  two  in  the  scope. 

The  limiting  accuracy  of  this  analog  system  is  about  4  /o*  Thi?: 
accuracy  is  far  superior  to  that  obtained  by  the  visual  estimation 
of  the  noise  envelope  on  an  A-scope,  but  further  improvement  is  strongly 
desired.  Since  noise  powers  from  independent  sources  add,  RMS  noise  am¬ 
plitudes  add  in  quadrature,  and  thus  the  smallest  added  noise  from,  e,g, 
the  tube  under  test,  detectable  through  6,5  nanoamperes  of  system  pre¬ 
amplifier  noise  is  about  1,9  nA, 
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2bp  HI’IS  Noise  Measurement  Technique  (Digital) 

To  measure  RMS  noise  by  digital  means,  the  sampling  oscilloscope 
has  been  interfaced  with  the  University's  PDP-9  Computer  Graphic  Facility 
which  is  equipped  with  an  a/D  converter.  This  system  is  much  simpler 
in  hardware,  the  only  components  being  the  scope,  computer  and  a  low 
frequency  buffer  amplifier  to  match  the  scope  output  to  the  A/D  input. 
Equation  (l)  can  be  rewritten  ass 


by  expanding  the  parenthetical  expression  and  combining  terms.  The 

computer  A/D  converts  2000  samples  and  stores  them  in  successive  loca- 

“2 

tions  in  memory.  Then  X  ,  X  and  finally  a  are  calculated  and  the  RI43 
value  is  printed  out.  There  are  several  advantages  to  this  method, 

a)  The  A  to  D  converter  is  very  accurate  (.025°/o). 

b)  There  is  no  necessity  for  positioning  the  trace  to  zero  On  the 
scope  screen, which  was  a  problem  in  the  analog  system,  since 
any  D.C.  level  appears  in  X  and  its  effects  are  eliminated 
mathematically. 

c)  Fewer  demands  are  made  upon  the  sampling  oscilloscope,  perhaps 
pezmlttlng  use  of  one  that  would  be  less  expensive. 

d)  The  sampling  rate  is  variable  giving  a  choice  of  sampling  every 
frame  or  every  field,  as  is  N,  the  number  of  samples  taken. 

e)  The  video  signal  amplitude  can  be  detennined  accurately  from 
the  same  experimental  arrangement,  since  the  calculated  X 
represents  the  signal  level  plus  a  constant  representing  some 
arbitrary  "zero  level"  at  a  point  on  the  waveform.  A  measure¬ 
ment  is  first  made  at  a  maximum  point  on  the  waveform  where 

X  *  (Sj+C)  and  then  at  a  minimiam  point  where  X  =  (Sj^+C)  , 


where  is  the  signal  at  an  illuminated  portion  of  the  photo- 

• 

cathode,  Sjj  is  the  signal  from  a  dark  portion  and  C  is  the  "zero” 
constant.  When  the  difference  is  formed,  the  constant  falls  out 
and  we  are  left  with  an  accurate  determination  of  the  peak  to 
peak  signal. 

f)  The  amplitude  distribution  of  the  noise  can  be  obtained  by  com¬ 
paring  each  input  sample  with  an  array  of  bins,  each  one  re¬ 
presenting  a  AI,  and  incrementing  the  level  of  the  bin  in  which 

the  input  falls.  The  bins  are  then  displayed  on  the  graphics 
terminal. 

The  absolute  accuracy  of  a  measurement  of  this  type  is  difficult  if 
not  impossible  to  specify,  due  to  the  statistics  involved.  What  is 
usually  done  is  to  define  a  probable  error,  r,  such  that  the  probability 
is  1/2  that  a  measurement  would  lie  within  the  interval  ff  +  r.  Figure  5 
shows  the  distribution  of  errors  for  a  series  of  measurements,  each  one 
of  2000  samples.  Reference  to  this  curve  indicates  that  the  probable 
error  is  m  1.5°/o  (or  the  measurement  will  be  within  1.5®/o  fifty  per¬ 
cent  of  the  time)^  for  any  single  measurement. 

The  D.C.  accuracy  of  the  digital  system  is  ^  l°/o  down  to  2.5  mv 
which  corresponds  to  a  .  5nA  noise  current.  The  uncertainty  of  the  1048 
measurement  is  the  sum  of  the  uncertainties  due  to  this  error  plus  those 
due  to  sampling  discussed  above.  The  sura  of  the  system  error  and  the 
statistical  error  indicates  that  50V0  of  the  measurements  will  be  with¬ 
in  2.5  /o.  This  figure  can  be  improved  upon  by  taking  more  samples, 
which  will  decrease  the  size  of  r  discussed  above.  A  trade-off 
between  experiment  time  and  tolerable  error. 


exists 


With  a  6«  5  nA  noise  current  In  the  preamp-amp  combination  the  smal¬ 


lest  input  or  tube  noise  current  that  could  be  detected  would  be  about 
InA. 


Calculation  of  the  noise  for  the  first  stage  of  our  tube  type  pre¬ 
amplifier  used  for  testing  SEC  camera  tubes  indicates  that  the  noise 
to  be  expected  with  a  12MHz  bandwidth  would  be  10,9  nA  and  at  10  MHz 
would  be  6,0  nA,  The  measured  noise  at  12  MHz  was  12nA  and  at  10  MHz 
was  6,3  nAy  using  the  digital  method  Just  described. 

Peak  to  peak  signal  levels  measured  with  digital  technique  were 
compared  with  those  obtained  from  a  **box  car”  integrator y  shown  in 
Table  I, 


Box  Car 
Integrator 


Sampling  Oscil¬ 
loscope  with 
Computer  Averaging 


300  TV  Lines 


23,2  nA 


23.7 


400  TV  Lines 


15,8  nA 


15.2 


The  accuracy  of  the  last  decimal  point  using  the  sampling  oscilloscope  is 
uncertain.  However y  it  offers  a  tremendous  advantage  in  the  time  required 
to  make  a  measurement  compared  to  the  "box  car"  method.  The  latter y  how¬ 
ever  y  can  readily  provide  an  accurate  measurement  of  signal  amplitude 
plus  a  detailed  record  of  the  complete  waveform  without  the  requirement 
of  a  digital  computer.  On  the  other  handy  the  need  for  a  digital  com¬ 
puter  with  the  sampling  oscilloscope  need  not  be  a  severe  drawbacky 
since  an  apparently  acceptable  and  reasonably  cheap  computer  has  just 
appeared  on  the  market, 

III.  Digital  System  for  Detailed  Evaluation  of  Image  Tubes 

This  portion  of  the  paper  will  describe  a  system  which  is  being 
developed  to  measure  the  performance  of  signal  generating  tubes  using  a 
digital  computer.  The  motivation  for  developing  such  a  digital  system 
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Is  that  a  more  detailed  and  flexible  analysis  of  the  data  can  be  per¬ 
formed  than  Is  possible  with  analog  methods.  Initially  It  will  provide 
detailed  computation  of  the  devices  signal  and  noise  characteristics  In 
terms  of  sinusoidal  spatial  frequencies!  derived  from  bar  type  test 
patterns.  Further,  Its  output  will  Include  a  calculation  of  signal  to 
noise  ratio  (SNR) ,  Detective  Quantitm  Effl  fency,  and  be  referenced  to 
Input  signal  based  on  photon  flux.  In  addition,  the  computer  will  be 
programmed  to  provide  a  user  with  Information  referenced  to  photometric 
or  radiometric  units  where  appllcaV>le  and  requested. 

The  status  of  this  system  Is  that  all  components  have  been  Installed  ‘ 
Interfacing  the  tube  test  set  and  computer,  and  are  undergoing  eval¬ 
uation  tests  for  optimization.  This  work  Is  described  below. 

1,  System  Operation 

Fig,  6  Is  a  block  diagram  of  the  system  which  consists  of  the  tube 
and  Its  associated  test  set  (see  Introduction),  a  digital  computer  and 
the  Interface  between  them.  The  Interface  Is  necessary  to  reduce  the 
rate  at  which  the  video  signal  Is  sent  (hence  Its  bandwidth)  compatible 
with  the  Input  capabilities  of  the  computer.  The  computer,  a  Digital 
Equipment  Corporation  PDP-9»  has  a  majclimim  Input  rate  of  1  million  data 
words  per  second  via  Its  direct  memoiry  access  (DMA)  channel. 

A  TV  rate  video  signal  obviously  cannot  be  adequately  sampled  at  a 
1  MHz  rate  because  of  Its  much  larger  bandwidth.  By  using  a  storage 
terminal,  here  a  Princeton  Electronic  Products  Model  400,  the  video  sig¬ 
nal  for  an  entire  frame  can  be  stored  and  subsequently  read  out  at  the 
desired  slower  rate.  Storage  and  readout  are  governed  by  the  control 
unit.  In  typical  operation  the  storage  tennlnal  Is  first  erased  and 
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then  one  raster  written  at  the  TV  rate  with  the  unit  synchronized  to 
the  camera  tube.  External  drives  are  then  applied  to  the  storage 
terminal  at  a  slower  rate  for  readout.  Vertical  drive  is  a  10  bit  D/A 
converter  which  can  be  set  either  to  scan^  producing  a  sawtooth— like 
waveform,  or  to  stay  and  reread  at  the  same  line.  Horizontal  drive 
is  a  sawtooth  whose  amplitude,  DC  offset  level,  and  frequency  are  in¬ 
dependently  adjustable.  During  readout,  by  adjusting  these  drive  con¬ 
trols,  several  lines,  one  line,  or  parts  of  a  line  in  the  stored  image 
can  be  read  out  and  sent  to  the  computer.  Note  that  since  the  sampling 
rate  is  constant  (l  MHz),  the  sampling  density  is  controlled  by  the 
amplitude  and  frequency  of  the  horizontal  drive. 

The  selected  portion  of  the  stored  raster  image  is  read  out,  A/d 
converted  into  a  7  bit  integer  and  sent,  vie  the  DMA  channel,  to  the 
computer  memory.  Control  of  the  DI4A  channel  is  shared  by  the  control 
unit  and  the  program  which  is  processing  the  data.  The  number  of  data 
words  desired  and  their  storage  location  in  memory  are  set  at  the  control 
unit,  and  when  the  program  requests  data,  the  control  unit  initiates  the 
transfer.  The  program  then  goes  to  the  proper  location  and  stores  the 
data  on  magnetic  tape  in  FORTRAN  compatible  records,  after  presenting  it 
on  he  display  terminal,  lha  display  terminal  is  a  special  purpose  com¬ 
puter  driving  a  CRT  with  102^  x  1024  addressable  points.  It  is  an  es 
pecially  powerful  and  convenient  feature.  Data  can  be  displayed  here 
for  evaluation  as  soon  as  it  is  taken  to  permit  immediate  modification 
of  the  experiment,  if  necessary.  Similarly,  results  of  calculations  on 
the  data  or  the  processing  programs  themselves  can  be  displayed  and 
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edited. 


wave  response  of  the  tube  is 


2»  Signal  Processing 
This  section  indicates  how  the  sine 
calculated  from  the  collected  data  and  is  representative  of  the  type  of 
calculations  which  arc  performed.  The  video  waveform  out  of  the  storage 
terminal  is  represented  as  v(t)  =  s(t)  +  n(t),  where  s(t)  is  the  signal 
component  and  n(t)  the  noise. 

The  noise  is  assumed  Gaussian  and  can  be  represented  by  its  mean  m 
and  variance  The  mean  is  assumed  to  be  zero,  since  it  is  indisting¬ 

uishable  from  the  pedestal.  Now  with  the  tube  looking  at  a  Limansky  test 
chart,  we  take  N  samples  along  a  video  line,  then  M  scans  of  this  line  (on 
successive  rasters)  and  store  them  to  generate  an  array  of  data  which 
can  be  represented  by: 

Vj(k)  a  s(k)  +  nj(k) 

where  k  *  l,2,3,i4...N 
j  a  1,2,3, . M 

By  averaging  the  data  from  successive  lines  ^(k) ,  an  estimate  of  s(k) 
can  be  formed  as  shown  below: 

M  M 

°  «  ^.1  *  n 

M  M 

°  I  s(l£)  ♦  g  ^  nj(k)  •  s(k)  +  n'(k) 

J=1  J*1 

Tho  n-(k)  themoolvoo  aro  Gaussian  dlstrlbutod  but  havo  KMS  value  -  o/vE 

(assuming  that  noise  on  successive  lines  is  statistically  Independent), 

Clearly  as  M-»,  v(k)  -  s(k).  The  value  of  M  depends  on  how  good  an  es¬ 
timate  ef  s(k)  is  desired  and  CT  of  the  original  noise. 

Assuming  a  suitable  value  of  M  has  been  used  te  get  a  good  apprexi- 
matien  v(k)  to  s(k),  this  oan  now  be  used  as  fellews  to  oompute 
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sine 


wave  response  of  the  tube*  The  Fourier  transform  V(f)  can  be  found  using 
the  FFT  algorithm  on  v(k)^. 

Assuming  linearity,  it  can  be  seen  from  Fig,  6  that  the  sine  wave 
response  of  the  tube  S(f)  is  given  by 

“  C(f)^H|f ) 

where  H(f)  is  the  curve  of  Fig,  7  and  C(f)  is  the  frequency  spectrum  of 
the  bar  chart  if  read  by  an  ideal  tube  at  the  TV  rate.  The  denominator 
can  be  calculated  analytically,  but  is  more  conveniently  done  on  the 
computer  by  simulating  the  bar  chart. 

It  should  be  mentioned  that  V(f)  will  have  errors  in  it  because 
of  the  noise  which  still  was  present  in  v(k).  To  minimize  the  effect 
of  these  errors,  the  amplitude  C(f)  should  be  high  for  all  f  and  rela¬ 
tively  constant.  This  is  not  the  case  with  the  present  bar  chart.  Un¬ 
der  investigation  are  new  charts  based  on  pseudo-random  sequences- 
which  are  better  suited  to  our  system. 

Figures  8(a,b)  show  the  results  of  some  early  experiments  and  are 
Included  to  show  the  display  capability- of  the  system  as  well  as  its 
processing  ability.  The  photographs  were  taken  at  the  display  terminal. 
Figure  8a  shows  the  set  of  100  TVL/pH  bars  of  the  Westinghouse  test 
chart  which  were  obtained  after  averaging  32  lines  of  data,  each  line 
containing  512  points.  Fig,  8b  shows  a  lOnA  calibration  pulse  also 
after  32  averagings  to  reduce  the  noise.  On  the  A-scope  this  pulse 
was  barely  visible.  Signals  as  small  as  3nA  in  noise  of  RMS  value 
equal  to  12nA  can  be  resolved  with  only  32  lines  of  averaging. 
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I-EASUREMENT  OP  NOISE  IN  THE  VIDEO  SIGNAL 
1.  Introduction 

Noise  is  here  defined  as  a  varying  current  or  voltage  observed 
in  the  video  channel  which  is  random  in  both  time  of  occurrence  and 
amplitude.  As  shown  in  figure  1,  it  normally  appears  mixed  with  the 
vidf.j  signal,  including  synchronizing,  blanking,  and  shading  signals 
which  occur  at  both  line  and  field  rates.  The  measurement  of  ms  noise 
amplitude  or*  of  noise  power,  therefore,  requires  separating  the  ran¬ 
dom  noise  from  the  video  signal.  Principal  noise  sources  in  the  sys¬ 
tem,  including  the  tube  and  the  video  preamplifier  include,  see  fig- 
iire  2,  Johnaon-Nyquist  noise  in  "Uie  camera  tube  load  resistor;  shot 
noise  in  the  first  stage  of  the  preamplifier;  and  in  the  camera  tube 
under  test,  beam  shot  noise,  shot  noise  in  the  target,  and  for  an  E, 

B«  S.  Tube,  shot  noise  in  the  stream  of  photo-electrons  leaving  the 
photo  cathode.  Of  these  noise  contributions,  the  largest  is  usually 
the  video  preamplifier  shot  noise,  then  the  load  resistor  Johnson 
noise.  Althou^ these  are  not  noise  sources  within  the  tube  under 
test,  they  are  always  present  and  sufficiently  large  so  that  only  very 
accurate  noise  measurements  will  pemit  separating  and  estimating  the 
noise  contributions  from  the  tube  under  test  from  those  external  to 
the  tube.  Further,  it  can  be  shown  that  in  most  cases  the  size  of  the 
preamplifier  noise  contribution  depends  on  the  capacitance  between  the 
tube  signal  output  electrode  and  ground,  combined  with  the  wiring  and 
preamplifier  input  capacitance.  Hence  the  accurate  measurement  of  the 
preamplifier  noise  contribution  is  a  proper  concern  of  one  who  would 
measure  the_  .se  amplitude  associated  with  the  tube  under  test. 


2.  Measurement  of  Preamplifier  Noise 

Since  noise  is  a  set  of  randomly  occuring  pulses,  whose  ampli¬ 
tude  distribution  is  approximately  gaussian,  the  measurement  should 
be  in  terms  of  noise  power  or  equivalently  in  terms  of  an  r.m.s.  volt¬ 
age  or  current  derived  from  a  true  r.m.s.  reading  device.  Further, 
since  the  noise  spectra  from  the  primary  sources  are  thought  to  be 
essentially  white^,  that  is  uniform  noise  power  spectral  density 
throughout  the  video  si)ectrum,  the  measurement  of  noise  current  or 
power  must  be  referred  to  an  effective  bandwidth,  usually  to  the  band¬ 
width  of  the  video  amplifier  between  the  tube  under  test  and  the  point 
vdiere  signal  and  noise  measurements  are  made.  Since  the  gain  vs  fre¬ 
quency  characteristics  of  most  video  prearnplifiers  depend  strongly  on 
the  shmt  capacitance  connected  at  the  input  terminal,  all  video  amp¬ 
lifier  noise  measurements,  and  all  gain  vs.  frequency  measurements, 
should  be  made  with  the  camera  tube  in  place  ready  for  operation  and 
connected  to  the  video  amplifier.  To  eliminate  the  video  signal,  one 
may  cutoff  the  electron  beeim  either  by  biasing  negatively  the  contriol 
grid  of  the  electron  gun  or  by  interrupting  the  power  supply  to  the 
cathode  heater. 

Accurate  noise  measurements  will  reqrire  elimination  of  the  effect 
of  synchronizing  and  blanking  pulses.  In  some  cases,  the  preamplifier 
noise  can  be  measured  easily  simply  disabling  or  disconnecting  the 
pulse  generator  circuits  from  the  preamplifier,  leaving  at  the  test 
point  only  the  preamplifier  noise  currents  or  voltages  with  no  line  or 

field  rate  signals.  If  removing  these  pulses  does  not  change,  e.g.  the 

1.  The  primary  noise  sources  are  vciite,  but  the  rising  gain  vs.  fre¬ 
quency  characteristic  of  a  typical  video  preamplifier  means  that 
the  amplifier  shot  noise  contribution  is  peaked  toward  higher  fre¬ 
quencies,  having  an  approximate",  tria"  "'ilar  distribution. 
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operating  point  or  the  gain  of  the  amplifier  up  to  the  test  point,  one 
may  measure  the  noise  current  or  voltage  at  the  test  point  directly  with 
a  true  r.m.s.  reading  meter,  for  example  a  thermocouple  type  r.f.  mill- 
iammeter,  then  divide  the  measured  value  by  the  gain  of  the  amplifier 
between  the  input  terminal  and  the  test  point.  If  the  signal  is  a 
voltage  signal,  it  is  then  divided  by  the  effective  value  of  the  load 
resistor  to  convert  it  to  an  equivalent  noise  current,  referred  to  the 
input  of  the  video  preamplifier, 

3,  Measurement  of  Noise  from  either  Camera  Tube  or  Preamplifier 

In  some  cases,  however,  the  synchronizing  and  blanking  pulses  can¬ 
not  be  disabled  without  changing  the  operating  point  of  the  amplifier, 
or  one  may  wish  to  measure  preamplifier  noise  in  the  same  configuration 
in  which  camera  tube  noise  is  measured  so  that  the  pulses  and  even  the 
video  signal  must  be  present.  Pour  methods  hsve  been  used,  and  two  are 
recommended, 

3,1,  Historically,  the  moat  popular  method,  which  is  not  recommended, 
is  to  display  the  video  signal  at  the  test  point  from  one  or  a  few  lines 
of  the  raster  using  a  "line  selector"  oscilloscope.  The  observer  se¬ 
lects  a  region  corresponding  to  constant  video  signal  and  estimates  the 
width  of  the  apparent  noise  enveloi)e,  as  shown  in  figure  3*  visual 

envelope  is  then  assumed  to  correspond  to  either  the  ±3®  or  ±2a  points 
in  a  Gaussian  distribution  and  the  rms  noise  voltage  at  the  oscillo¬ 
scope  input  is  stated  to  be  1/6  or  1/4  of  the  envelope  voltage,  using 
the  calibration  means  provided  with  the  oscilloscope.  This  value  is 
then  divided  by  the  preamplifier  gain  and  the  load  resistor  or  other 
appropriate  factors  to  convert  it  to  an  equivalent  noise  current  re¬ 
ferred  to  the  preamplifier  input, 

Uiis  method  has  the  advantage  that  the  human  observer  can  usually 


separate  the  noise  signal  in  the  scope  display  from  the  gross  video 
signal  and  from  synchronizing  or  blanking  ijulses  or  from  shading  sig¬ 
nals,  although  not  from  finely  textured  "fixed  pattern  noise",  ’.diich 
see.  Its  great  disadvantage  is  poor  accuracy.  T^ie  apparent  noise 
envelope  amplitude  will  depend  on  the  bri^tness  of  the  scope  dis¬ 
play  and  on  the  ambient  illumination  at  the  observer's  position.  Re¬ 
peatability  will  not  in  general  permit  separating  tube  and  system  noise. 
Further,  the  uncertainty  about  the  factor  1/6  or  1/4,  makes  quantitative 
measurements  uncertain  by  ±10  to  ±15°/o.  Hence  this  measurement,  though 
widely  used,  is  not  recommended. 

3.2  A  refinement  on  method  3.1.,  was  described  in  IEEE  Standard  I58, 
Part  8,  Methods  of  Test  for  Television  Camera  Tubes,  corrected  to  1965* 
As  shown  in  figure  4,  the  oscilloscope  display  is  viewed  through  a  mov¬ 
able  slit  by  a  photo  tube  sensitive  to  the  li^t  emitted  by  the  phos¬ 
phor-screen  of  the  display.  The  long  dimension  of  the  slit  is  oriented 
parallel  to  the  horizontal,  time,  axis  of  the  scope,  and  the  photo  tube 
outijut  is  measured  and  plotted  as  the  slit  is  moved  in  the  y  or  ampli¬ 
tude  direction.  Assuming  that  each  noise  pulse  can  be  represented  by 
a  half  sine  wave  and  that  its  light  output  is  concentrated  near  its 
peak,  the  light  intensity  profile  is  equated  with  the  noise  pulse  amp¬ 
litude  distribution,  and  the  value  of  a,  the  r.m.s.  noise  pulse  ex¬ 
cursion  amplitude  with  respect  to  the  average  video  signal  is  deter¬ 
mined  by  comparing  the  measured  bell  shaped  curve  with  a  standard 
Gaussian  distribution. 

This  method  is  now  considered  relatively  cumbersome,  and  the  as¬ 
sumed  relation  between  the  brightness  profile  and  the  distribution  of 
noise  pulse  amplitudes  is  only  approximate.  It  is  however,  signifi¬ 
cantly  better  founded  than  method  3»1» 


3. 3*  A  way  of  making  a  direct  rms  noise  measureme..o  without  disabling 
the  synchronizing  and  blanking  pulses  was  suggested  by  Jensen  and 
Fawcett,  Advances  in  Electronics  and  Electron  Physics,  Volume  28A. 

In  'Uiis  method  the  tube  under  test  is  exposed  to  a  uniform  white 
or  gray  field  so  -Hiat  the  video  signal  is  constant  except  for  shading 
effects.  The  video  channel  is  then  keyed  to  select  the  video  signal 
from  only  the  central  portion  of  the  central  scanning  lines  in  each 
field.  During  the  blanking  intervals  and  when  the  beam  is  scanning  the 
edges  of  the  target  where  shading  may  be  significant,  the  video  signal 
is  gated  off,  and  a  signal  of  the  same  average  value  as  the  center  line 
video  signal  is  substituted.  The  resulting  noise  and  signal  waveform 
shown  in  figure  5»  is  then  presented  to  a  true  nos.  reading  meter.  The 
reading  must  be  corrected  for  the  low  duty  cycles,  but  except  for  switch¬ 
ing  transients  is  a  measure  of  rms  noise  at  the  test  point  in  the  video 
amplifier  chain.  As  before,  it  is  divided  by  amplifier  gain  to  refer 
it  to  the  preamplifier  input  terminal,  and  by  the  load  resistance  to 
convert  it  to  an  equivalent  noise  current. 

Under  ideal  circumstances,  this  method  should  be  far  more  accurate 
than  either  method  3»1  ot  method  3»2»  Most  TV  camera  systems,  however, 
have  shading  due  to  falling  irradiance  off  axis  from  the  optical  lens, 
because  of  sensor  non-uniformities,  and  because  of  electron  optical  de¬ 
fects  like  non-normal  landing  of  the  deflected  electron  beam.  Any 
shading  signal  appears  as  a  line  or  field  rate  signal  which  the  iras 
meter  measures  indistinguishably  with  the  noise.  To  minimize  this  ef¬ 
fect,  -the  selected  area  from  which  signal  is  extracted  is  made  smaller. 
However,  this  decreases  the  duty  cycle  and  makes  the  effect  of  switch- 
"transients  and  of  duty  cycle  inaccuracies  more  sev‘'re.  Jensen  es¬ 
timates  this  method  is  at  best  accurate  to  only  a  few  percent.  Note 
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also  that  it  does  not  distinguish  between  true  random  noise  and  fine 
grain  fixed  pattern  noise. 

3.4.  The  most  accurate  noise  measuring  iMthod  devised  to  date  is  in 
use  at  the  University  of  Rhode  Island.  To  truly  measure  ms  noise  in 
the  presence  of  virtually  any  signal,  data  is  taken  from  a  single  image 
element  sampled  once  in  each  frame.  Sampling  is  accomplished  with  a 
Hewlett  Packard  Ifcdel  l40A  sampling  oscilloscope  keyed  to  take  its 
sample  a  selected  number  of  microseconds  after  the  start  of  a  chosen 
line  in  the  odd,  or  the  even,  field  of  the  TV  frame.  The  sampling  gai:e 
width  is  typically  10"^^aec.,  virtually  an  instantaneous  sample  on  the 
scale  of  the  period  of  even  the  highest  frequency  handled  by  a  lOmHz 
video  channel.  One  data  sample,  the  instantaneous  value  of  signal  plus 
noise,  is  taken  from  the  same  point  in  each  frame  and  entered  in  a  com¬ 
puter.  l^ically  2000  such  samples  are  analyzed  as  an  ensemble  to  de- 
teimine  the  average  value,  the  signal,  and  the  rras  deviation  from  that 
average  value.  The  accuracy  and  reproducibility  of  this  method  are  ex¬ 
cellent,  provided  that  the  samples  are  taken  from  accurately  the  same 
location  on  the  tube,  and  provided  that  the  tube  power  supply  and  video 
amplifier  circuitry  produce  no  significant  variations  in  gain  or  d.c. 
level  during  the  66  second  measurement  time.  Note  that  these  require¬ 
ments,  especially  those  of  an  accurately  unvarying  d.c.  level,  are 
often  not  met  by  standard  television  circuitry,  and  that  slow  vari¬ 
ations  of  the  order  of  the  noise  amplitude  will  usually  not  be  vis¬ 
ible  on  a  TV  display,  but  can  interfere  significantly  with  this  mea¬ 
surement.  Also  note  that  the  measurement  time  is  significant.  How¬ 
ever,  this  appears  to  be  the  only  method  described  to  date  idiich  is 
accurate  enough  so  that  tube  noise  contributions  can  even  be  estimated 
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in  the  presence  of  preamplifier  noise  v^ich  is  up  to  ten  times  larger. 
Assuming  the  stringent  stationarity  requirements  can  be  met,  it  is 
also  the  only  method  which  can  ignore  the  effects  of  fixed  pattern 
noise,  and  the  only  one  vdiich  also  establishes  the  distribution  of 
noise  amplitudes. 

4,  Elvaluation  of  Tube  Noise  Contribution 

The  noise  contribution  from  the  camera  tube  and  that  from  the  pre¬ 
amplifier  are  independent,  hence  uncorrelated,  and  the  total  noise  pow¬ 
er  is  simply  the  siams  of  the  noise  powers  considered  separately.  This 
means  that  if  they  could  be  measured  separately 

.2  _  .2  .2 

^nt  ^na  ^  ^ns 

v^ere  i^_^  =  total  ms  noise  current 

noise  cvirrent  from  the  amplifier 

^ns  “  ^  noise  current  from  the  sensor  (tube  under  test) 

In  fact,  all  one  can  measvire  is  ^nt  by  measuring  it  alternately 

with  the  tube  operating  normally  and  then  with  the  lens  capped  or  the 

electron  beam  current  cutoff  so  that  i  =0,  one  can  determine  i  and 

ns  nt 

^na*  present  state  of  the  art,  i^^  is  about  2  to  4  x  lO"^  amp 

for  a  typical  6  to  8  MHz  bandwidth  preamplifier,  i  may  be  of  the  or- 
10 

der  of  5  10  amperes.  To  measure  i  to  significant  accuracy,  say 

1  X  10  amp,  1/20  i  ,  will  require  that  changes  in  i  ^  be  measured 
to  about  0,1  /o.  This  accuracy  is  completely  beyond  any  of  the  other 
suggested  methods.  This  suggested  metiiod  is  therefore  recommended 
whenever  critical  noise  measurements  must  be  made,  or  as  a  standard  a- 
gainst  vdiich  other  methods  can  be  compared. 
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